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 I 
 
Synopsis 
 
In forensic investigations involving severely burned human remains, dental analysis stands alone as 
other means of identification are often destroyed. It is therefore important to perform lab-based 
research to characterise any tissue changes providing relevant information that can facilitate these 
investigations. The aim of the present work was to investigate the influence of duration of heat 
exposure and heating regimes regarding the macroscopic, compositional, structural and crystalline 
alterations of dental tissues.  
A range of experiments were carried out using a total of 215 freshly extracted human teeth, exposed 
to temperatures of 400 to 1000°C. Shrinkage and shape preservation was analysed using X-ray micro-
computed tomography (micro-CT), whilst crystalline alterations were evaluated with synchrotron-
based X-ray scattering experiments. The alterations of organic constituents were assessed using 
thermogravimetry (TGA) and Fourier-transformed infrared spectroscopy (FTIR). Moreover, 
calibrated digital photographs were used to document and analyse colour alterations. 
Although dentinal shrinkage was already found at 400°C, tooth morphology was well preserved even 
at 1000°C. Surface colour alterations were linked to the gradual degradation of organic components, 
and were also highly dependent upon the duration of heat exposure and the heating regime. The 
crystalline alterations were less influenced by these factors, providing relevant reference values for 
cremation temperature estimations. 
The combination of novel analytical approaches enabled the documentation and quantification of 
heat-induced alterations of dental tissues, providing an improved understanding of the influences of 
heating regimes on the macroscopic, compositional, structural and crystalline alterations. The results 
of the present work can be used in the forensic identification process and allow an improved 
estimation of the cremation temperature range based on human dental remains. 
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1.1. Structure and composition of teeth 
 
The normal deciduous and permanent human dentition comprises of 20 and 32 teeth respectively, 
subdivided into anterior (incisors, canines) and posterior (premolars, molars) teeth. Although similar 
in tissue structure and composition, the size, morphology as well as the number of roots varies 
depending on the tooth type (Hillson, 1996). 
Human teeth can be divided into the crown, which is normally exposed to the oral cavity, and the 
roots, which after eruption, are anchored to the alveolar bone of the jaws by means of the periodontal 
ligament (Higgins and Austin, 2013). The crown portion is covered by enamel, the hardest material in 
the human body. Enamel consists of approximately 96% inorganic material by weight (around 90% 
by volume), while the remaining 4% are made up by organic components and water (Boyde, 1989). 
The primary component of the inorganic phase in teeth is a calcium-deficient form of hydroxyapatite 
[Ca5(PO4)3(OH)] with substitutions of chemical groups, often referred to as biological apatite or 
bioapatite (Elliott, 1994). The microstructure of enamel is formed of densely aligned enamel rods (6-
8μm in diameter), with a keyhole-like section, allowing only very small particles to permeate through 
(Higgins and Austin, 2013, Meckel et al., 1965). In contrast to the enamel microstructure, the 
arrangement of the underlying crystalline structure is still part of ongoing investigations (Al-Jawad et 
al., 2012, Raue et al., 2012). 
The root portion of a tooth is composed of dentine and is covered by cementum, which anchors it by 
means of the periodontal ligament to the alveolus of the tooth socket. Dentine consists of 
approximately 70% inorganic material, 20% organic material and 10% water by weight. The volume 
ratio of dentine equals approximately 47% inorganic material, 32% organic material and 21% water 
(Frank and Nalbandian, 1989). Similar to enamel, the inorganic phase is formed by biological apatite 
crystals, which are arranged in a collagen matrix. Dentinal tubules, 1 to 3μm in diameter, span across 
the entire dentine. The dentinal tubules are occupied by fluid and cellular processes of odontoblasts, 
the cells responsible for dentine deposition.  
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The odontoblasts are located in the pulp cavity, a richly vascularised and innervated connective tissue 
that also contains many other cell types, including fibroblasts, plasma cells, nerve fibres, 
immunocompetent cells, and undifferentiated mensenchymal stem cells (Higgins and Austin, 2013).  
The unique structure, composition and location within the body make teeth extremely durable, even if 
the body is decomposed, exposed to trauma or high temperatures (Adams, 2003b). Tooth 
development and alveolar eruption are frequently used to estimate the age of individuals. 
Furthermore, over the course of a lifetime distinctive treatments and dental wear take place,  
influencing the appearance of the dentition, which becomes an individual physical feature frequently 
used in the determination of human identity in forensic contexts (AlQahtani et al., 2010). 
1.2. The role of the dentition in the determination of human identity  
1.2.1. Methods of human identification 
 
The identification process of deceased individuals can be a major challenge, especially in mass 
fatality incidents. Positive identification is important for various reasons and can be achieved by 
forensic techniques such as fingerprints, deoxyribonucleic acid (DNA) and dental analysis. Besides 
the need to reconstruct the circumstances of an accident, crime or natural disaster the positive 
identification is of importance for criminal prosecutions and legal reasons such as inheritance, 
insurance or contractual obligations (Anderson et al., 2007, Cordner et al., 2011, Pretty and Sweet, 
2001). Moreover, identification of the deceased is important for relatives going through the process of 
grieving, enabling closure in knowing that a loved one has been found (Berman et al., 2013).  
According to Pretty et al. (2013) between 2000 and 2010 over 500,000 people died in mass fatality 
incidents worldwide, caused intentionally (e.g. 9/11 in New York, 7/7 London terrorist attacks), 
natural causes (e.g. the 2004 and 2011 tsunamis in South-East Asia, Victorian bushfires in Australia) 
or accidental technical failures (e.g. Air France flight 447 in 2009) (Berman et al., 2013, Pretty et al., 
2013, Senn and Weems, 2013).  
In general, distinctions are made between ‘open’ and ‘closed’ disasters. An open disaster is referred as 
a ‘major catastrophic event resulting in the deaths of a number of unknown individuals for whom no 
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prior records or descriptive data are available’ (Interpol, 2009). The actual number of victims is 
initially unknown; examples include the Kaprun cable car accident in 2000 (Meyer, 2003), the 2004 
Boxing Day tsunami in South-East Asia (Schuller-Gotzburg and Suchanek, 2007) or the 1987 Kings 
Cross Underground fire in London (Brough, 1991). In contrast, a closed disaster is defined as ‘a 
major catastrophic event resulting in the deaths of number of individuals belonging to a fixed, 
identifiable group (e.g. aircraft crash with passenger list)’ (Interpol, 2009). A combination of an open 
and closed disaster can occur when airplanes crash into residential areas, as in the case of the 
Concorde crash in 2000 (Air France flight 4590) or the Lockerbie bombing in 1988 (Pan Am flight 
103) (Laborier et al., 2004, Moody and Busuttil, 1994).  
According to the 2009 Interpol Disaster Victim Identification Guide, the primary and most reliable 
means of victim identification are fingerprints, DNA and dental analysis. Secondary means of 
identification include personal descriptions, medical findings/evidence (e.g. implanted surgical 
devices or surgical/traumatic scars) and clothing (Interpol, 2009). However, personal description and 
visual identification can lead to false positive or false negative identifications (Sweet, 2010). 
Nonetheless, circumstantial evidence of an event (e.g. body found in the missing persons’ car), 
individual jewellery or tattoos can help during the identification process (Cordner et al., 2011, 
Dolinak and Matshes, 2005).  
Fingerprints are unique soft tissue features and do not change throughout life, nonetheless skin 
destructions affecting the papillary layer might alter their appearance (Interpol, 2013). The 
identification by means of fingerprints requires antemortem records, often found in national and 
international fingerprint databases (Senn and Weems, 2013). In cases involving charred, fragmented 
or decomposed remains, fingerprint identification is often restricted or impossible (Adams, 2003b, 
Berman et al., 2013). 
The genetic information encoded in the DNA is assumed to be unique for every person, with the 
exemption of identical twins. Investigators use primary DNA sources, such as blood or tissue samples 
(i.e. pap-smear tests, tooth remnants or hair roots), but also DNA collected from secondary DNA 
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sources like clothing, toothbrushes or combs, can be used to produce an individuals’ record (Berman 
et al., 2013, Interpol, 2009, Sweet et al., 1999). Comparative DNA analysis can be performed in cases 
involving charred, fragmented or severely decomposed remains, to facilitate the identification of 
individual body parts (Interpol, 2009, Williams et al., 2004). 
1.2.2. Odontological identification of human remains 
 
Identification using dental records is an efficient, reliable, rapid and economical procedure, often used 
in combination with other means of identification (Schuller-Gotzburg and Suchanek, 2007, Senn and 
Weems, 2013, Sweet, 2010).  
The uniqueness of dental features has been known since Roman times, so that even single teeth could 
be used for identification if containing sufficient unique features (Lipton et al., 2013, Sweet, 2010). If 
only three possibilities (unrestored, filled, or missing) would be considered per tooth of the adult 
dentition, the number of combinations would equal 332, or about 1.85×1015 (Clement, 1998). When 
besides the two possibilities of unrestored or missing teeth, all possible combinations of filled surfaces 
(mesial, occlusal, distal, facial, and/or lingual) are taken into account, there would be 3332, or about 
3.91×1048 possible combinations (Adams, 2003a). However, those statistical values are hypothetical, 
as they assume random occurrence and equal probability, whilst decay and treatment of teeth do not 
occur randomly. For example dental records of young people often show similar treatment patterns 
such as single-surface fillings of the first permanent molars (Clement, 1998). Adams (2003a, 2003b) 
included the frequency of occurrence of dental treatments in a large population sample and reported 
that even with a limited number of dental treatments a rare dental patterns can occur, comparable to 
that of the variability of mitochondrial DNA observed in humans. 
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1.2.3. Comparative dental identification 
 
The odontological identification of human remains is a comparative process, by matching antemortem 
dental records and postmortem findings of the individual size, shape and acquired characteristics of 
the dentition (Clement, 1998, Sweet, 2010).  Dental records used to correlate antemortem and 
postmortem findings can be obtained from written clinical notes, dental charts, dental radiographs, 
plaster casts, clinical computed tomography (CT) scans or photographs (Berman et al., 2013).  
The processes involved in comparative dental identification in routine cases and mass fatality 
incidents are the same. Circumstances, personal belongings (e.g. passport, ID card, driving licence) or 
missing persons databases allow presumptive or tentative identification and are commonly followed 
by requests of dental records from the individuals’ dentist (Pretty, 2007).  
Antemortem records are most often available for patients from developed countries that regularly 
receive dental assessment, although the quality of such can play an important role in the comparison 
process. The dentist should provide all original dental records available, as duplicates might miss 
critical markers and notations (Sweet, 2010). The postmortem records normally consist of 
photographs, radiographs and dental charts (Pretty and Sweet, 2001, Wood and Kogon, 2010).  
Depending on the preservation of the body, the American Board of Forensic Odontologists (ABFO) 
recommends to additionally take dental impressions (if applicable) and resection of the jaws (Berman 
et al., 2013). The resection of the jaws allows replicating angles found in antemortem radiographs. In 
general, the postmortem examination and comparative dental identification is performed by two 
forensic odontologists, each performing the dental examination with subsequent discussion on any 
unclear issues (Clement, 1998). In cases involving multiple fatalities, the dental team would normally 
use computer assisted dental identification systems, such as WinID3 or DAVID, to cut down the 
number of possible identification case. These software packages allow the entry of antemortem and 
postmortem records combined with an automatic comparison and internal ranking system of possible 
matches (Al-Amad et al., 2007).  
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In general, individuals with multiple dental restorations or rare features are easier to identify than 
those with little or no dental treatment (Pretty and Sweet, 2001). With increasing trends in oral health, 
growing numbers of patients have a low incidence of caries and consequently lack restorations which 
can make the identification process more difficult (Bernstein, 1998, Sweet, 2000).  
Even in identification cases of children and adolescents, where none or only very little treatments and 
restorations are present, dental records should be collected and can still be of great value (Schuller-
Gotzburg and Suchanek, 2007). During orthodontic treatments, dental casts are created that can give 
important information on the number and positions of teeth as well as on the morphology of the crown 
(Johansen and Bowers, 2012). One major influence on the identification process can be the long 
duration between the last antemortem visit to the dentist, additional dental treatment between two 
records or dental wear over time, requiring the judgement of a trained forensic odontologists to 
establish identification (Clement, 1998, Sweet, 2010). Nonetheless, even with incomplete dental 
records (e.g. missing written records or radiographs), forensic odontologists are commonly able to 
establish positive identifications as long as there are no unexplainable discrepancies (Table 1.1). For 
example, a missing tooth noted in antemortem records, but present postmortem can also be used to 
exclude a person (Pretty, 2007, Pretty and Sweet, 2001). 
To enable a professional judgement of dental evidence, continuous professional training is necessary. 
Over the course of the last decade, especially following the 2004 Boxing Day tsunami in South-East 
Asia, international collaborations between forensic odontologists were established and 
national/international standards and guidelines were developed (Interpol, 2009, Lain et al., 2011, 
Schuller-Gotzburg and Suchanek, 2007, Senn and Weems, 2013, Sweet, 2010). The presence of 
country-specific dental treatments, various dental abbreviation/notation systems and notes in foreign 
languages also resulted in the creation of specialised national disaster victim identification (DVI) 
teams (Clement, 1998). Generally, guidelines for the dental identification such as the ‘Manual of 
Forensic Odontology’ are updated and adapted regularly and form the basis for the training of forensic 
odontologists (Herschaft et al., 2006, Senn and Weems, 2013).    
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Table 1.1  Four conclusions reached when reporting a dental identification (Berman et al., 2013) 
 
Positive 
identification 
The antemortem and postmortem data match in sufficient detail, with 
no unexplainable discrepancies, to establish that they are from the 
same individual 
Possible 
identification 
The antemortem and postmortem data have consistent features but 
because of the quality of either the postmortem remains or the 
antemortem evidence, it is not possible to establish identity positively 
Insufficient 
evidence 
The available information is insufficient to form the basis for a 
conclusion 
Exclusion The antemortem and postmortem data are clearly inconsistent 
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1.2.4. The role of imaging in dental identification 
 
In 1897, a fire during a society charity event in Paris killed 126 people, and as the thermal damage 
made visual identification impossible, dentists assisted in fire victim identification using dental 
records (Botha, 1986). In 1943 the first use of dental radiography in a forensic identification case was 
recorded. Since then, X-ray imaging played a vital role in the identification process due to the 
accurate recording of dental features and anatomical landmarks (Andersen et al., 1995, Bernstein, 
1998, Lipton et al., 2013, Pretty et al., 2013). Knight (1984) noted that ‘dental radiography is 
probably the most important forensic use of radiography, measured in numbers of cases’. Currently, 
most commonly bitewing, peri-apical and panorama radiographs are used for dental identification 
(Beck, 2011, Pallagatti et al., 2011). Yet one of the main disadvantages of standard radiographs is 
projection geometry causing distortion and magnification of the image (Berketa et al., 2010). In 
general, the use of digital radiography and computer-based archives changed the process of 
comparative dental identification, allowing the enhancement of radiographs and robust backup of 
antemortem and postmortem data (Pretty et al., 2013).  
Since the mid-1970s computer-aided identification systems are used to facilitate comparisons (Al-
Amad et al., 2007). Automated computer-assisted comparison of dental radiographic features has been 
tested extensively but they are strongly dependent on the radiographs’ quality (Jain and Chen, 2004, 
Lin et al., 2012, Nomir and Abdel-Mottaleb, 2007). Recent comparative approaches successfully used 
three-dimensional (3-D) dental biometrics for comparative dental matching (Zhong et al., in press).  
In the last decade, CT imaging became of increasing importance in forensic radiography (Bassed and 
Hill, 2011, Silva et al., 2011, Thali et al., 2003). The CT approach provides non-invasive high-
resolution images that enable to create 3-D models of the human body. Besides virtual autopsies 
(Baglivo et al., 2013), CT imaging has been effectively used for the identification of victims of the 
2009 Victorian bushfires (Bassed et al., 2011, Bassed and Hill, 2011). Thali et al. (2006) and 
Jackowski et al. (2006a) noted that clinical CT scans provide appropriated records for dental 
identification, enabling the rapid creation of postmortem documentation of the dental structures.  
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More recently, cone-beam CT (CBCT, a high-resolution CT for craniofacial structures) has been used 
for dental age estimation (Maret et al., 2011). In contrast to conventional radiography, CT technology 
also allows the differentiation of filling materials (composite, amalgam, ceramic, temporary fillings) 
based on their radiopacity (Jackowski et al., 2006b). However, the precise determination of the dental 
restoration material, i.e. composition, is not possible at the current stage of research (Bassed and Hill, 
2011). With a growing numbers of patients lacking dental restorations, other features, like the crown 
and root morphology need to be considered in antemortem-postmortem comparisons (Bernstein, 1998, 
Savio et al., 2006, Sweet, 2000). Current clinical CTs and CBCTs have a spatial resolution of 
approximately 1mm and 0.1mm respectively, allowing the visualisation of the dental morphology and 
structures. Although the resolution and quality of clinical CTs and CBCTs constantly evolve, when X-
rays interfere with metal-containing restorations streak artefacts occur, reducing the image quality 
(Jackowski et al., 2006b, Thali et al., 2006). Beck (2011) noted that conventional intra-oral 
radiographs are likely to remain the cornerstone of dental identification until significant improvement 
of metal artefact reduction algorithms for the various CT systems are made. Such algorithms have 
since been developed, and need to be integrated into the software of future imaging systems (Tohnak 
et al., 2011). 
1.3. Odontological identification of fire victims 
 
Burned dental remains are frequently found after natural disasters, airplane crashes or house fires, as a 
result of either direct contact with open flames or the exposure to high temperatures (Bush and Bush, 
2011, Lain et al., 2011, Savio et al., 2006). Especially in cases of prolonged fires with temperatures 
above 700°C, dental analysis stands alone as other materials used as primary (fingerprints and DNA) 
or secondary (e.g. clothing) means of identification are often destroyed (Fairgrieve, 2008, Hill et al., 
2011a, 2011b). 
Andersen et al. (1995) classified six grades of fire injuries to teeth and jaws: (0) no injury, (1) injury 
to anterior teeth, (2) injury to anterior and posterior teeth (unilaterally), (3) injury to anterior and 
posterior teeth (bilaterally), (4) fragments of jaw bone including teeth and/or roots, and (5) no dental 
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remains. In their review of 292 single fire cases, the authors stated that 25% of the cases led to severe 
damage of the dentition (grade 2-5). Bohnert et al. (1998) listed the effects of fire on the skull more 
specifically, based on observations of cremations carried out at 670° to 810°C. After 8 to 10 minutes, 
the facial soft tissue is charred and only sparse soft tissue remains visible; after 20 minutes prominent 
parts of the facial skull are destroyed. Similar observations were reported by other experimental 
crematoria-based studies (Fairgrieve, 2008, Günther and Schmidt, 1953). 
Posterior teeth tend to be better preserved than anterior teeth due to their size and the heat protection, 
offered by the tongue, layers of skin, mucosa, muscle and adipose tissue and are therefore more likely 
to be used in the odontological identification process (Berketa, 2013). During the cremation process in 
modern crematoria, for the first 10 to 24 minutes, the soft tissue protection keeps the temperature 
inside the oral cavity as low as 87°C, depending on the nutritional state of the body, age, temperature 
and time of exposure (Schweitzer and Eichenhofer, 1980). Lain et al. (2011) and Bush and Bush 
(2011) reported, that teeth shrink and are often removed from their anatomical position as an effect of 
extensive heat exposure. Posterior teeth with multiple roots tend to remain in the alveolar bone 
sockets, whilst single-rooted are mostly found isolated (Günther and Schmidt, 1953). 
Currently, comparative dental identification is the most reliable and frequently applied identification 
method in cases involving high temperature exposure (Bernstein, 1998, Jablonski and Shum, 1989, 
Lain et al., 2011, Savio et al., 2006). The positive identification and investigation of severely burned 
human remains requires careful examination, forensic experience and excellent skills in comparative 
dental anatomy (Lain et al., 2011). Since the thermal stress or the surrounding environment (e.g. 
destroyed airplane, collapsed building) can lead to extreme fragmentation of the skeletal remains, 
investigators are often confronted with isolated teeth or fragments thereof (Hill et al., 2011b, Lain et 
al., 2011). The dental remains should be photographed in situ and examined by a forensic 
odontologist, before the body is moved. Great care is necessary to ensure a proper recovery to 
eventually facilitate dental identification.  
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The use of clearly labelled padded containers is recommended after fixing the remains with clear 
acrylic spray paint, hair spray or cyanoacrylate (Griffiths and Bellamy, 1993, Hill et al., 2011b, 
Mincer et al., 1990, Schmidt, 2008).  
Griffiths and Bellamy (1993) suggested that multiple radiographs should be taken to replicate possible 
antemortem records. Whilst Bush and Bush (2011) noted that standard radiographs of isolated burned 
dental remains (without structural relationship of the jaws) only provide little information for 
comparative dental radiography, Hill et al. (2011b) emphasised that crucial evidence can still be 
obtained from burned dental remains and a number of significant radiographic details are conserved.  
Future investigations of fire victims are likely to involve CT imaging, as it allows the examination 
without interference of the body and digital storage of information for later evaluation 
(Woisetschlager et al., 2011).  
The identification rate of fire victims in mass disasters can be highly successful. As early as 1949, 72 
of the 119 victims of a fire on board of a steamship could be identified using dental radiographs 
(Bernstein, 1998). All 155 victims of the Kaprun cable car fire were identified within 19 days, and 
112 of the 113 victims of the Concorde disaster were identified by dental means (Laborier et al., 2004, 
Meyer, 2003). In contrast, after the 1984 Victorian bushfires only 64% of the 22 victims could be 
identified by dental means, as the access, presence or quality of patient records was limited (Bastiaan, 
1984).   
1.3.1. Dental restorative materials as an aid in fire victim identification 
 
In general, skeletal hard tissue can endure temperatures of up to 1600°C, with dental remains often 
being the only remnants (Clement, 1998, Holden et al., 1995). Besides dental remains, other medical 
or dental artefacts (e.g. orthopaedic/prosthetic devices) can give additional information to provide 
positive victim identification (Bonavilla et al., 2008, Matoso et al., 2013, Warren, 2008).  
Metal implants and restorations can resist mechanical and thermal influences, and can aid in the 
identification process (Berketa et al., 2011, Berketa et al., 2010, Berman et al., 2013). 
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The melting points of common dental restorative materials are given in Table 1.2, emphasising the 
importance of dental restorative materials as an aid in identification cases involving temperatures 
above 1000°C.  
Merlati et al. (2002, 2004) observed that dental prostheses and dental restorations are able to resist 
even higher temperatures than theoretically predicted and that the composition of fragments can be 
identified using scanning electron microscopy (SEM). The composition and properties of metal alloys 
of prosthetic work can also be used to determine the country of origin (Marella and Rossi, 1999). 
Depending on their composition, dental braces used for orthodontic treatments can survive 700 to 
980°C, making them also potentially useful for identification of adolescent individuals (Campobasso 
et al., 2007). Additionally, marking of dentures and prostheses could facilitate and support the 
matching process, however the prevalence of denture marking is generally low (Andersen et al., 1995, 
Murray et al., 2007, Taylor et al., 2002). Besides metal-based materials, root canal filling materials 
can survive prolonged heat exposure and may be used in the identification process (Campobasso et 
al., 2007, Hill et al., 2011b). Although the high temperatures lead to altered colour and appearance of 
the dental restorative materials, they are able to resist temperatures of up to 1200°C (Brandao et al., 
2007, Moreno et al., 2009, Patidar et al., 2010).  
To classify and determine the composition of composite resins and root canal fillings mainly energy 
dispersive X-ray spectroscopy (EDS) and X-ray fluorescence (XRF) have been used (Bonavilla et al., 
2008, Bush et al., 2006, Bush and Bush, 2010, 2011). 
Aside from invasive analytical techniques, heat-induced alterations in dental materials have been 
analysed with X-ray imaging, reporting the specific behaviour of filling materials and metal implants 
including their changes in morphology and radiological appearance (Berketa et al., 2011, Rossouw et 
al., 1999, Woisetschlager et al., 2011).  
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Table 1.2  Melting points of dental restorative materials [adapted from Berketa et al. (2010), 
  Berman et al. (2013), Norrlander (1995), and Purves (1975)] 
 
Dental restorative material Melting point 
Gold crown alloys 870-1090°C 
Base metal alloys 1275-1500°C 
Porcelain/metal alloys 1150-1260°C 
Porcelain low fusing 760-980°C 
Porcelain medium fusing 1090-1300°C 
Porcelain high fusing 1300-1400°C 
Chrome/cobalt alloy 1370-1570°C 
Titanium implant > 1600°C 
Silver amalgam Hg in silver amalgam begins to vaporise at 100°C. 
Metals of the silver alloy (Ag, Cu, Zn and Sn) 
melt over a wide range from 230-980°C.  
Composite restorations Organic materials evaporate at relatively low 
temperatures; inorganic components withstand 
temperatures well over 1090°C. 
Acrylic resins Melting at 110°C, incineration >540°C 
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1.4. Experimental approaches for the analysis of burned dental remains  
 
When providing relevant information to support the identification process, it is essential to 
characterise and comprehend any material and dental tissue changes that take place in high-
temperature conditions. 
Burned dental remains found at crime scenes or as part of archaeological excavations might have been 
exposed to a wide range of temperatures. Whilst the average temperature of a wooden campfire is in 
the range of 400 to 700°C, house fires can reach around 700 to 900°C (Fairgrieve, 2008, Norrlander, 
1995, Shipman et al., 1984). The temperatures of burning motor vehicles range between 800 and 
1100°C, especially when involving petrol (Berketa et al., 2011, Merlati et al., 2002). Crematoria 
operate between 900 and 1000°C, whilst natural fire storms were recorded to reach up to 2000°C 
(Bastiaan, 1984, Hill et al., 2011b, Norrlander, 1995). The presence of combustible material and 
oxygen availability determines the durations and peak temperatures of fires (Fairgrieve, 2008). Many 
fires have been reported to smoulder for days or even weeks after the event.  Examples include the 
Victorian bushfires and the World Trade Centre after the 9/11 attacks (Berketa et al., 2011, Hill et al., 
2011b, Walker et al., 2008). The lab-based experimental approaches generally do not take the fire 
behaviour into account, as the fire is often divided into multiple phases and can increase by 400 to 
800°C within 5 minutes in house fires and ritual cremations (Dent et al., 1995, Dodwell, 2012, 
Shipman et al., 1984).  
McKinley (2000) and Symes et al. (2008) showed that there is also a great variation in peak 
temperatures in different parts of the body depending on the placement of the body, topography of the 
surrounding environment and presence of fire accelerants.  
Mayne-Correira (1997) highlighted that the inconsistency in terminology and lab-based 
experimentation with a variety of skeletal materials has produced disparate conclusions regarding the 
analysis of burned human remains. This is also reflected by an evaluation of lab-based heating 
regimes used to model thermal stress in human teeth and dental materials (Table 1.3). A constant 
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exposure to a temperature should be comparable to the sudden thermal shock generated by fires or 
explosions, whilst an incremental temperature increase approach should model the slower increase in 
temperature due to the presence of soft tissues (Bohnert et al., 1998, Muller et al., 1998). Most 
research on dental tissues has been based on laboratory-based heating regimes that can be grouped 
into these two ‘subtypes’. These are either constant exposure at a certain temperature for a fixed 
duration or an incremental temperature increase to a specific target temperature. Moreover, there are 
also differences regarding the cooling regime used, with the majority of publications stating the 
immediate removal of the specimens from the heating device, or allowing cooling down overnight. 
Nonetheless, the influence of the different heating and cooling regimes on the macroscopic, 
compositional, structural and crystalline alterations of dental tissues has yet not been investigated. 
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1.5. Heat-induced alterations of skeletal hard tissue 
 
Extensive research has been carried out on the effects of high temperatures on animal and human 
bone, with the general assumption that heat-induced alterations of teeth were similar (Mayne-Correira, 
1997, McKinley, 2000, Thompson, 2004, Ubelaker, 2009). 
Mayne-Correira (1997) and Thompson (2004) categorized four transformation stages during the 
cremation process of bone, and reported the major heat-induced alterations and corresponding 
temperature ranges (Table 1.4). During the dehydration stage, water in the bone tissue is lost due to the 
breaking of hydroxyl (OH-) bonds and also fracture patterns occur. During the decomposition stage 
organic components are lost, leading to further weight loss as well as colour changes. Moreover, this 
stage was associated with more brittle bone. During the inversion and fusion stages, the bone 
crystalline structure changes lead to shrinkage. The temperature ranges in Table 1.4 result from lab-
based studies of bone, yet dental tissues are likely to react differently due to their morphological, 
structural and compositional characteristics. Therefore, the present work aims to investigate and 
clarify these differences. 
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Table 1.4  Four stages of heat-induced transformations in bone reported by Mayne-Correira 
  (1997) and Thompson (2004) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Stage of 
transformation Evidence 
Temperature range 
(Mayne-Correira 1997)  
Temperature range 
(Thompson 2004)  
Dehydration Fracture patterns; weight loss 100 to 600°C 100 to 600°C 
Decomposition 
Colour change; weight loss; 
reduction in mechanical strength; 
changes in porosity 
500 to 600°C 300 to 800°C 
Inversion Increase in crystal size 700 to 1100°C 500 to 1100°C 
Fusion Increase in mechanical strength; 
reduction in dimensions; increase 
in crystal size; changes in porosity 
1000°C + 700°C + 
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1.5.1. Macroscopic alterations of burned dental remains 
 
1.5.1.1. Morphology 
 
In bone, heat-induced warping and deformation can occur at high temperatures, yet these 
morphological changes have not been described for human teeth (Gonçalves et al., 2011, Karkhanis 
and Franklin, 2009, Shipman et al., 1984, Thompson, 2005). 
The crown tends to separate from the root and shatter at elevated temperatures, referred to as ‘popping 
off’ due to the characteristic sound frequently encountered during experimental studies (Purves, 1975). 
This phenomenon has been described in crematoria as well as lab-based experiments, at various 
temperatures. Muller et al. (1998) and Beach et al. (2008) indicated that the crown becomes extremely 
friable and likely to shatter after heating teeth for 30 to 60 minutes at around 450°C, whilst Merlati et 
al. (2002) reported the shattering of the enamel at 800°C when heating up the teeth slowly.  
The separation of the crown and shattering of the enamel has been explained by the different thermal 
properties and shrinkage rates of dentine and enamel (Figure 1.1). This leads to heat-induced stress 
along the dentine-enamel junction followed by the ‘popping off’ of the enamel (Brown et al., 1970, 
Hughes and White, 2009, Lin et al., 2010a, Lin et al., 2010b). Besides the different thermal properties 
of dentine and enamel, the boiling and steaming of water in the dentinal tubules has been considered to 
be responsible for the ‘popping off’ phenomenon as well (Botha, 1986). 
In contrast to the crown, the morphology of the root portion has been reported to not change 
extensively (Endris and Berrsche, 1985). Superficial and internal cracks in the dentine start to appear 
around 600°C, resulting in increased fragility (Muller et al., 1998). The increase of cracks at higher 
temperatures has been shown in histological sections, dental radiographs and micro-computed 
tomography (micro-CT) models (Fereira et al., 2008, Fereira et al., 2010, Sandholzer et al., 2014, 
Savio et al., 2006).   
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Figure 1.1  Heat-induced failure of dentine-enamel junction 
 
(A) Shattering of enamel at 450°C visualised in a tooth section heated over a Bunsen 
burner flame 
(B) Separation of complete crown from the root section after constant exposure for 
30min at 500°C. 
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Scanning electron microscopy has been previously used to investigate the differences of heat- and 
trauma-induced cracks, indicating that it is not possible to compile traumatic and heat-induced 
fractures in dental tissues (Campbell and Fairgrieve, 2011). These cracks can be explained by the 
dehydration and loss of organic matrix in the dentine, making the dentine more fragile. Hughes and 
White (2009) indicate that cracks are likely to be caused by the intertubular tensile stress, but also a 
spontaneous evaporation of water or rapid cooling could be responsible. Moreover, SEM studies found 
that the dentinal tubules diameter is reduced as a consequence of high temperatures (Harsanyi, 1975, 
Karkhanis and Franklin, 2009, Muller et al., 1998), whilst Shipman et al. (1984) found an enlargement 
of tubules; a discrepancy that could be explained by the biological variation of tubule diameters, as 
well as the number and location of SEM measurements. The typical keyhole-shaped section of enamel 
prisms can still be identified in fragments of enamel that were heated at 1000°C, allowing the 
microscopic identification as enamel (Yamamoto et al., 1990). 
Generally, the knowledge on the preservation of distinct morphological features of the dentition such 
as root curvature and pulp chamber morphology are important for fire victim identification, especially 
in the absence of dental restorations or implants (Sweet, 2010). Most studies dealing with heat-induced 
alterations of dental tissues reported none or only minimal morphological alterations for temperatures 
up to 1100°C (Beach et al., 2008, Endris and Berrsche, 1985, Merlati et al., 2002). The melting of 
teeth into atypical, globular formations has been reported between 1300 and 1600°C (Clement, 1998, 
Harsanyi, 1975).  
 
1.5.1.2. Surface colour 
 
The main macroscopic feature of burned dental remains is the gradual change in surface colour (Figure 
1.2). Temperature-dependent shifts from the roots’ natural pale yellow colour to black, brown, 
greyish-blue, chalky-white and finally white-pink have been reported (Fairgrieve, 2008, Karkhanis and 
Franklin, 2009, Moreno et al., 2009). The surface colour changes in enamel are more subtle from 
natural pale yellow colour to pale brown, light grey and white (Karkhanis and Franklin, 2009).  
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Figure 1.2 Heat-induced surface colour alterations of teeth      
Progressive, temperature-dependent shift from the roots’ natural pale yellow colour to 
black/dark brown (400°C), brown (500-600°C), greyish-blue (700°C), light grey 
(800°C), chalky-white (900°C) and white/pink (1000°C). 
 
This figure is reprinted from Sandholzer et al. ‘Radiologic evaluation of heat-induced shrinkage and 
shape preservation of human teeth using micro-CT’ Journal of Forensic Radiology and Imaging 2013; 
1(3), p.107-111, with permission from Elsevier.  
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The surface colour changes of burned teeth have been previously associated with the loss of organic 
content (Endris and Berrsche, 1985, Merlati et al., 2002, Moreno et al., 2009). Moreover, the 
combustion of chemical groups in the mineral phase and defects in the crystal lattice of biological 
apatite can lead to alterations of the surface colour (Berzina-Cimdina and Borodajenko, 2012). In 
general, colour changes help to deduce a temperature range to which skeletal remains have been 
exposed, but were found to be influenced by temperature, duration, oxygen availability and other 
external factors (Herrmann, 1972, Shipman et al., 1984, Walker et al., 2008). 
Besides a simple description of colours (Muller et al., 1998), various researchers used the ‘Munsell 
Soil colour chart’ or similar colour catalogues for the description of the root and enamel surface 
colour, giving some limited selection of the colour variation that is present in heat-affected teeth 
(Beach et al., 2008, Endris and Berrsche, 1985, Karkhanis and Franklin, 2009, Shipman et al., 1984). 
In general, the description and determination of colours is highly subjective and also dependent on 
various external factors, including the positioning of the observer or the illuminant (i.e. the light 
source). Besides these aforementioned descriptive studies, flatbed scanners, digitalised photographs 
and spectrophotometry have been used to document colour alterations of skeletal tissue (Beach et al., 
2008, Fereira et al., 2008, Walker et al., 2008). Quantitative colorimetric measurements would be 
favourable to document colour alterations, however most of those previous approaches lacked 
appropriate standardisation or system calibration.  
Nonetheless, subjective descriptions of colours and inconsistency in experimental approaches have 
resulted in highly disparate conclusions regarding colour alterations. Besides the duration of heat 
exposure, the heating/cooling regime and presence of soft tissue might influence the colour alterations 
of teeth, but this has not yet been investigated. 
 
 
 
 25 
 
1.5.1.3. Shrinkage 
 
In addition to surface colour changes, shrinkage is another aspect that has to be taken into account 
when analysing burned dental remains. Heat-induced dimensional changes in animal and human bone 
have been previously described, however very limited data is available on the heat-induced 
dimensional changes of human teeth. The amount of bone shrinkage studied in laboratory and field 
experiments, is reported to be in the range of 0.5 to 27% (Buikstra and Swegle, 1989, Großkopf, 2004, 
Thompson, 2005, Ubelaker, 2009). Most of these studies evaluated shrinkage using calliper 
measurements, with the shrinkage rate reported either as linear/two-dimensional (2-D) or 
volumetric/three-dimensional (3-D) shrinkage, leading to this high variability of reported results. 
Moreover, the experimental conditions as well as structural and mineral composition of the skeletal 
material are the likely key variables determining the rate of shrinkage.  
As early as 1875, heat-induced shrinkage of craniofacial structures has been mentioned in the literature 
(von Hofmann, 1875). The experimental studies that followed were mainly descriptive, reporting that 
teeth shrink considerably and are often found to be removed from their anatomical position 
(Norrlander, 1995). In general, the rate of shrinkage of teeth has been assumed to be similar to that in 
bone (Shipman et al., 1984).  
A linear shrinkage of 1.4 to 2% was described for dentine when dried in nitrogen atmosphere at 60 to 
100°C (van der Graaf and Ten Bosch, 1993). The linear shrinkage of dentine was reported to be 6% 
after an experimental cremation, however no details about the experimental conditions were presented 
(Dijkstra, 1938). Kindler was the first to specifically investigate the shrinkage of teeth over a larger 
range of temperature, reporting a grading system of minimal, minor and definite shrinkage (Kindler 
1978, cited by Großkopf 2004). An estimate of 20 to 25% heat-induced shrinkage of teeth was 
reported by Maples and Browning (1995). Nevertheless, quantitative data on the heat-induced 
shrinkage of human teeth has not yet been reported and would add relevant information for 
comparative dental radiography of isolated teeth and fragments. 
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1.5.2. Destruction of organic components 
 
Investigations on the effects of high temperatures on teeth also provide important information on the 
preservation of organic components, such as the collagen matrix and DNA. The organic constituents 
contribute to approximately 20% of the tooth weight, chemically predominately consisting of collagen 
type 1, CO32-, NH, CH3-CH2, C=O, and C-H functional groups (Elliott, 1994, Reyes-Gasga et al., 
2008). 
Fourier-transformed infrared spectroscopy (FTIR) can provide information on the thermal alterations 
and destruction of organic constituents. This technique is based on the measurements of vibrations of 
molecule bonds as an infrared (IR) beam is interfering with the sample. Each molecule bond shows 
characteristic peaks or bands of absorbance at particular wavelengths within the IR spectrum that can 
be compared with databases of known substances. For studies on heat-affected skeletal tissue, the mid-
IR region (4000 to 400 cm-1 wavelength) is normally used. This region contains the main peaks/bands 
for phosphates (PO43-) of the mineral phase, as well as carbonates (CO32-)  and other components of 
the organic phase (Hollund et al., 2013, Thompson et al., 2009). Carbonates can be used to track the 
loss of organic material during the heating process, as the peaks/bands decrease at elevated 
temperatures. Whilst compositional alterations in burned animal and human bone have been 
previously investigated using FTIR (Hollund et al., 2013, Mkukuma et al., 2004, Thompson et al., 
2009), there is only limited FTIR data available for heat-induced alterations up to 600°C in human 
dental tissues (Reyes-Gasga et al., 2008). Additional FTIR studies, including real-time approaches, 
could be used to further understand the heat-induced destruction of organic components.  
Collagen is thought to have similar thermal properties as DNA, and has previously been used to 
investigate DNA preservation at elevated temperatures (Mayne-Correira, 1997, Walker et al., 2008). 
Whilst soft, non-mineralised collagen melts and forms gelatine when heated to 60°C, mineralised 
collagen remains more or less unchanged at these low temperatures (Holden et al., 1995). Histological 
sections of heat-affected bone showed some collagen structures were still present at 500°C, with 
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collagen fibres starting to denature and alter their appearance at 100°C (Fernandez Castillo et al., 
2013a, Fernandez Castillo et al., 2013b). 
Several studies have been conducted on the extraction of DNA from heat-affected teeth, reporting 
disparate results. Duffy et al. (1991) isolated dental pulp cells from dental remains, stating that teeth 
exposed for 1h at 100°C could not be used for sex determination anymore. Exposing teeth for 2min to 
a Bunsen burner flame (no temperature details reported) also led to the complete loss of high- and 
low-molecular-weight DNA in teeth (Schwartz et al., 1991). With improvements in DNA analysis, and 
the introduction of the polymerase chain reaction (PCR) amplification, pulpal DNA was successfully 
extracted from isolated animal teeth that had been exposed at 525°C for 15min (Rees and Cox, 2010). 
Although DNA preservation strongly depends on soft tissue protection, duration and temperature of 
the fire, modern techniques generally enable sex determination for remains exposed up to 300 to 
400°C (Barker et al., 2008, Williams et al., 2004). Von Wurmb-Schwark et al. (2005) do not 
recommend post-cremation genetic analysis of modern cremations, as no DNA is preserved. Da Silva 
et al. (2012) recently confirmed this recommendation, as extraction of genomic dental DNA using 
PCR was not possible at any of the periods (10, 30 and 60 min) and temperatures (600, 800 and 
1000°C) analysed. 
1.5.3. Crystalline alterations 
 
Whilst organic material denatures at elevated temperatures, mineral structures are generally well 
preserved. By using high-magnification SEM or transmission electron microscopy (TEM) 
morphological changes of the hydroxyapatite (HAp) crystals can be visualised (Reiche et al., 2002). 
Shipman et al. (1984) categorised the changes in HAp morphology in dentine and enamel, indicating a 
trend of increasing crystallite size and more smooth appearance at elevated temperatures. Similar 
trends were also reported for heat-affected bone (Holden et al., 1995). 
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Unaltered bone tissue shows a low crystallinity with small HAp crystals and high lattice strain, whilst 
heat-affected tissue shows an increase in HAp crystal size and lower lattice strains. The crystallinity 
index (CI) is a ratio of two intensity peaks of HAp, and gives information about the mean changes in 
crystal size and microscopic structural order of tissue (Hollund et al., 2013, Reiche et al., 2002, 
Squires et al., 2011, Thompson et al., 2013, Thompson et al., 2011). The CI can be quantified by 
FTIR, X-ray diffraction/scattering (XRD or wide angle X-ray scattering, WAXS) and Raman 
spectroscopy, and is frequently reported in literature. However, the CI does not characterise individual 
crystalline features (e.g. size, morphology) and may fail to describe adequately the complexity and 
heterogeneity of heat-induced processes (Hollund et al., 2013, Piga et al., 2008, Piga et al., 2009, 
Rogers et al., 2010). 
Wide angle X-ray scattering analysis is capable of showing distinct differences in crystallite size, 
enabling reliable cremation temperature estimations (Hollund et al., 2013, Piga et al., 2008, Shipman 
et al., 1984). Most of the research to date has focused on the heat-induced compositional and structural 
alterations of bone tissue (Beckett et al., 2011, Hiller et al., 2003), with only very limited data about 
the changes in dental tissues (Piga et al., 2009). The XRD analysis of heat-affected human bone and 
teeth showed that HAp derived from bone and teeth react differently to heat, implicating that those 
tissues have to be separately investigated when a precise temperature estimation is desired (Piga et al., 
2009).  
Small angle X-ray scattering (SAXS) can provide additional information about the mean crystallite 
thickness, degree of alignment and shape of crystallites (Hiller and Wess, 2006). Lab-based SAXS 
was successfully used to characterise the heat-induced alterations of crystallite size in archaeological 
and experimentally altered bone (Etok et al., 2007, Hiller and Wess, 2006). However, there is no 
SAXS data available for heat-affected dental tissues. Further analytical approaches, combining X-ray 
scattering techniques could be used to investigate the heat-induced alterations of dentine and enamel, 
in order to develop a structural reference for heat-affected dental tissues. 
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1.6. Aim and objectives 
 
The overall aim of the present work was to investigate the influence of duration of heat exposure and 
heating regimes regarding the macroscopic, compositional, structural and crystalline alterations of 
dental tissues. This aim was addressed by means of the following objectives:  
- Investigation of heat-induced destruction of organic structures using high-precision 
measurements of weight loss (analytical scale, TGA) and compositional alterations (FTIR); 
including a real-time FTIR approach (Chapter 3) 
- Analysis of colour alterations using quantitative colorimetric measurements (Chapter 4) 
- Quantification of heat-induced structural alterations using conventional radiography and 
micro-CT imaging to characterize morphological preservation, shrinkage and fracture 
formation (Chapter 5) 
- Analysis of heat-induced crystalline alterations of dentine and enamel using synchrotron-based 
X-ray scattering (SAXS/WAXS) analysis; including real-time approaches (Chapter 6). 
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Chapter 2 – Materials and Methods 
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2.1. Sample preparation 
 
The sample material consisted of 215 freshly extracted premolars (n=90) and molars (n=125) that were 
disinfected in 15mM sodium azide solution and washed under running water for 5 to 6 hours and then 
mechanically cleaned to eliminate soft tissue residues. Teeth that showed signs of damage (e.g. broken 
roots, visible cracks in enamel), endodontic treatments, restorations or caries were excluded from the 
study. Before experimentation, the samples were stored in a freezer at -20°C for up to 4 weeks. The 
teeth were taken out of the freezer 2 to 3 hours before the heating experiments and kept in phosphate 
buffered saline (PBS) solution according to Jameson et al. (1993). Upon examination with X-ray 
micro-computed tomography (Chapter 2.5.2) no cracks within the dental tissues were observed 
previous to the experiments. Details such as age and sex of the patients from which the teeth were 
obtained remained anonymous as part of confidentiality regulations as required by the ethical approval 
from the National Research Ethics Committee (NHS-REC reference 09.H0405.33/ Consortium R&D 
No. 1465). 
The FTIR, TGA and X-ray scattering experiments required bucco-lingual cross-sections and cubic 
samples. Therefore 1 to 3mm cross-sections were cut using an Isomet low speed diamond saw 
(Buehler Ltd., Lake Bluff, Illinois, USA). Subsequently, a Phoenix Beta variable speed 
grinding/polishing machine (Buehler Ltd., Lake Bluff, Illinois, USA) was used with a series of 
grinding papers (P800 to P2400) to further polish the samples. A digital calliper (0.03mm precision) 
was used to assess the dimensions of the specimens during the sample preparation. 
To investigate the thermal alterations of the organic dental components using TGA, cubic dentine 
samples (3×3×3mm) were placed in a rotating 10% formic acid bath for 14 days to eliminate the 
mineral content. 
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2.2. Photography and video imaging 
 
To document the sample preparation, experimental conditions and surface colour alterations, digital 
photographs were taken with a Nikon D40 digital single-lens reflex (DSLR) camera (Nikon, Tokyo, 
Japan), with a range of lenses (Nikkor AF-S DX 18-55mm 1:3.5-5.6; Nikkor 50mm 1:1.4; Sigma 
105mm 1:2.8 DG Macro). The pictures were taken with a neutral colour setting in sRGB colour space 
and saved by the camera in RAW (uncompressed) and JPG (1:4 compressed). For photographs of the 
sample preparation and experimental setup the focus, shutter speed and aperture were adjusted 
depending on the light situation. For the documentation of the surface colour alterations, the DSLR 
was mounted on a camera stand and uniform lighting was created using two 50W spiral photo lamps 
(Tabletop Lighting Kit, Smick Trading, UK). The samples were placed on a glass plate elevated 5cm 
from a piece of green or black felt background. To reduce reflections of the glass surface, a Hoya 
circular filter (Tokina Co., Ltd., Japan) was used. An elongated exposure time (1/10s) and low 
aperture (f 16) ensured that the background appeared uniform and facilitated the subsequent image 
analysis (Section 2.8.1). For colour and size calibration of the images, a Gretag Macbeth Color 
Checker Chart (X-Rite Inc., Grand Rapids, USA) as well as a metric tape were used. The heat-induced 
failure of the dentine-enamel junction was filmed at 24 frames per second with a Nikon P7000 digital 
camera (Nikon, Tokyo, Japan) in AVI video mode. 
2.3. Scanning electron microscopy (SEM) 
 
Changes in the dental microstructure were analysed with scanning electron microscopy (SEM). The 
samples were coated with a gold layer using an Emitech 550X sputter coater (Emitech Limited, 
Ashford, UK) to make the sample conductive for electrons and prevent charging. A JEOL JSM-
5800LV (JEOL Ltd., Tokyo, Japan) operated in high-vacuum mode at 20kV accelerating voltage and a 
Zeiss MA10 (Carl Zeiss AG, Munich, Germany) operated in high-vacuum mode at 10kV accelerating 
voltage were used with variable working distances. The resulting images were captured on the 
secondary electron (SE) detector and had at a range of magnifications (40 to 5000×). 
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2.4. Thermal treatment 
2.4.1. Laboratory furnace  
 
The laboratory furnace was used for experiments designated to evaluate the influence of duration of 
heat exposure and heating regimes on shrinkage, morphology, weight loss and surface colour 
alterations, using a total of 172 posterior teeth (81 premolars, 91 molars; Table 2.1). Teeth were put in 
individual crucibles and placed in an ashing furnace (Carbolite AAF 11/3, Sheffield, United 
Kingdom). The cooling phase was documented using the internal temperature probe of the furnace and 
an infrared thermometer (Ebro TFI 650, Ebro Electronic GmbH, Ingolstadt, Germany) obtained thanks 
to an American Board of Forensic Odontologists (ABFO) research grant. All specimens of the 
experiments that involved the laboratory furnace were weighed before and after the thermal treatment 
with a high-precision analytical scale (Ohaus TS400D, Pine Brook, USA). To determine the overall 
dental weight loss, all fragments of dentine and enamel were collected from the crucible and included 
in the weight measurements. 
Fifty six teeth (28 premolars, 28 molars) were subdivided into seven temperature groups for 30min 
constant exposure (400 to 1000°C, in steps of 100°C). The teeth were removed from the furnace after 
the desired duration and left to cool down to room temperature (RT) (cooling from 900°C to RT in 
40min). To investigate the influence of other heating regimens, this study focused on the three  
temperature groups of 400°C, average temperature of a campfire (Shipman et al., 1984), 700°C, 
average temperature of house fires (Fairgrieve, 2008), and 900°C, average temperature in modern 
crematoria (Norrlander, 1995). Six additional groups (n=48, 24 premolars, 24 molars) for incremental 
increase (samples removed as the desired temperature was reached) and cooling down overnight 
(30min constant exposure and cooling overnight) at 400, 700 and 900°C were tested. The mean 
temperature increase of the furnace was 20.75°C/min for the incremental increase group, resulting in a 
total heat exposure time of 9.5, 25.5 and 42.5min for 400, 700 and 900°C respectively.  
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The influence of duration of heat exposure on the surface colour, nine additional duration groups 
(n=63, 28 premolars, 35 molars; 5, 15 and 45min constant exposure at 400 to 1000°C in steps of 
100°C) were studied. Additionally, ten teeth (5 premolars, 5 molars) were exposed for 30min at 900°C 
to assess the shape alterations at high temperatures using digital radiographs. The influence of soft 
tissue on surface colour alterations was investigated by placing nine teeth (4 premolars, 5 molars) into 
individual 25g pieces of fresh chicken breast (30min constant exposure at 400, 700 and 900°C). 
For the FTIR experiment (Section 2.5.1), a total of 40 cubic samples (36 experimental, 4 control) of 
dentine and enamel (2×2×2mm) were prepared from nine freshly extracted molars. Two cubes each 
were exposed for 30min to constant temperatures between 100 and 1000°C, in steps of 50°C. The first 
(ex situ) X-ray scattering experiment (see section 2.6.1) involved 14 tooth sections (3×1×0.5mm; 12 
experimental, 2 control) from four posterior teeth (2 premolars, 2 molars). Twelve tooth sections were 
subdivided into six temperature groups for 30min constant exposure at 400 to 900°C, in steps of 
100°C. After the heat exposure, all teeth and tooth sections were stored in padded containers as 
suggested by Hill et al. (2011b). The fragile nature of heat-affected teeth required careful handling and 
examination to reduce the risk of further fragmentation. Yet, to prevent interference with the colour 
analysis, the teeth were not fixated with a cyanoacrylate adhesive or poly-methylmetacrylate (PMMA) 
as proposed in literature (Fereira et al., 2008, Griffiths and Bellamy, 1993, Hill et al., 2011b). 
2.4.2. Direct heating of tooth cross-sections  
 
The heat-induced ‘popping off’ of the enamel (as described in 1.5.1.1) was investigated using video 
imaging. In order to document this phenomenon, three 1mm thick bucco-lingual cross-sections from 
three teeth (1 premolar, 2 molars) were used. The cross-sections were fixed using a small clamp 15cm 
above the opening of a Bunsen burner. The flame was adjusted to a blue colour (~600°C) and 
measured with a Type K thermocouple probe before placing the Bunsen burner underneath the cross-
section. An infrared thermometer (Ebro TFI 650, Ebro Electronic GmbH, Ingolstadt, Germany) was 
used to continuously measure the tooth surface temperature during the heat exposure. 
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2.4.2. Synchrotron furnace setup 
 
Three 1mm bucco-lingual cross-sections derived from three freshly extracted molars were heated in a 
custom-built tube furnace as proposed by Dent et al. (1995) to evaluate the crystalline alterations in 
real time using X-ray scattering. The ceramic sample chamber was heated by a system of heating wires 
and two X-ray transmittant windows allowed the transmission of the X-ray beam. The temperature 
was remotely controlled and an internal thermocouple provided the sample chamber temperature. The 
experimental setup only allowed the simulation of incremental increase so, in order to study the 
influence of the heating rate, the tooth cross-sections were heated at rates of 6, 12 and 24°C/min. The 
heating process was stopped at 880 to 900°C and the cross-sections were removed after cooling down 
to room temperature. 
2.4.3. Thermogravimetry (TGA) 
 
The influence of different heating regimes on the weight-loss over time was evaluated by 
thermogravimetric analysis (TGA) on twenty cubic samples derived from five molars. The TGA 
experiment was performed at the Department of Chemistry, University of Warwick, using a Mettler 
Toledo DSC-1 Star (Mettler Toledo Ltd., Leicester, UK). Sixteen dentine samples (3×3×3mm; eight 
normal, eight demineralised) and four enamel samples (2×2×2mm) were prepared as described in 
Section 2.1. For each heating rate five cubic samples (two dentine, two demineralised dentine, and one 
enamel) were analysed. To match the laboratory furnace incremental increase setup, the cubic samples 
were heated at a rate of 20.75°C/min up to 900°C, whilst the three other groups were matched with the 
heating regime of the synchrotron furnace setup at rates of 6, 12 and 24°C/min up to 900°C. By 
calculating the first derivative of the weight loss curve (ΔMass/ΔTemperature) changes in the rate of weight 
loss were investigated. Five additional dentine cubes were prepared to analyse percentage of absorbed 
water. The freshly cut cubes were weighed in using the analytical scale and subsequently dried using a 
series of increasing alcohol concentrations (70, 95, 99 and 100% ethanol for 30min each) and kept 
overnight in a oven at 60°C (SI 20H, Stuart Scientific, UK) before a second weighing. 
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2.4.4. Fourier-transformed infrared spectroscopy (FTIR) heating stage 
 
For the real-time analysis of the combustion of organic components, measurements were conducted on 
three 10-15μm thin sections of three molars using a FTIR600 heating stage (Figure 2.1, kindly loaned 
for one week by Linkam Scientific Instruments Ltd, Guildford, UK). The heating rate of 12°C/min 
was matched with the TGA and synchrotron furnace setup. Due to equipment restrictions (water 
circulator pump was not provided as part of loan), the sections could only be heated to 400°C, and 
were removed as soon as 400°C was reached and subsequently cooled down to room temperature. 
2.5. X-ray imaging  
2.5.1. Digital radiographs 
 
Digital radiographs were taken to document structural and dimensional changes of teeth in 2-D using a 
customized Kodak 2100 intra-oral X-ray system setup (Carestream Health Inc., Rochester, NY, USA) 
using 60kV voltage, 4μA current and 0.1s exposure time. The setup allowed a fixed object-detector 
distance, minimizing geometric enlargement. Size calibration was performed using two grade 200 
high-precision aluminium bearing balls (diameter: 1mm±5μm and 5mm±5μm; CCR Products, West 
Hartford, USA). 
2.5.2. X-ray micro-computed tomography (Micro-CT) 
 
Micro-CT was used to investigate the structural and dimensional alterations of teeth in 3-D, as well as 
to produce high-resolution planning models for the X-ray scattering experiments. All scans were 
carried out with a SkyScan 1172 (Bruker SkyScan, Kontich, Belgium). A flat field correction was 
taken on the day prior to scanning using the SkyScan control software to correct for variations in the 
pixel sensitivity of the CCD detector. Teeth were scanned at 13.5μm camera pixel resolution using 
80kV voltage, 100μA current and a 0.5mm Aluminium filter, resulting in 480 projection images. 
Tooth sections were scanned at 0.5 to 2.9μm camera pixel resolution using 40 to 80kV voltage, 100 to 
120μA current and a 0.5mm Aluminium filter, depending on the specimen size and thickness. 
Subsequent reconstruction of the projection images and analysis are described in Section 2.7.2.   
 38 
 
2.6. Fourier-transformed infrared spectroscopy (FTIR) 
2.6.1. Attenuated Reflective Fourier-transformed infrared spectroscopy (ATR-FTIR) 
 
FTIR measurements were used to provide information on heat-induced compositional changes of 
dental tissue. The analysis was performed on a Nicolet 6700 FTIR machine (Thermo Scientific 
Instruments Corp., Madison, USA). For the ATR-FTIR experiment, cubic samples were mechanically 
crushed and sieved using a 105μm sieve to provide a homogenous grain size. The powdered samples 
were analysed using the Smart Miracle ATR attachment (Figure 2.1A; PIKE Technologies, Madison, 
USA) and Omnic 8 software suite (Thermo Scientific Instruments Corp., Madison, USA). Three 
individual measurements per temperature group were performed. Each resulting spectrum represented 
the average of 32 scans within the mid-IR spectrum (range: 4000 to 400 cm-1) at a resolution of 0.482 
cm-1. 
2.6.2. Real-time Fourier-transformed infrared spectroscopy 
 
A FTIR600 heating stage (Figure 2.1B) was fitted into the Nicolet 6700 FTIR machine allowing real-
time measurements of the compositional changes in transmission mode. The cross-sections were 
mounted in a sample chamber and KBr windows were fitted to optimise the transmission of the IR-
beam. The Linksys32 control software (Linkam Scientific Instruments Ltd, Guildford, UK) was used 
to remotely adjust the heating rate. The real-time function of the Omnic 8 software suite was used for 
continuous measurements of five individual values. These values included the carbonate (CO32-) group 
peaks at 1415, 1460 and 1546cm-1, the organic tissue and water peak at 1640cm-1 as well as the overall 
‘organic’ region between 1415 and 1650cm-1 (Thompson et al., 2013). A total of 1,002 measurements 
were recorded for each value and sample during the heating from room temperature to 400°C. 
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Figure 2.1 Fourier-transformed infrared spectroscopy (FTIR) setup 
 
(A) ATR-FTIR setup with diamond crystal window and pressure arm for powdered 
samples  
(B) Heating stage setup (FTIR600, Linkam Scientific Instruments Ltd, Guildford, 
UK) allowing real-time FTIR measurements in transmission mode.  
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2.7. Synchrotron X-ray scattering 
2.7.1. X-ray scattering data acquisition 
 
The electron density of a material causes an incident X-ray beam to be scattered in certain angles. The 
wide-angle X-ray scattering (WAXS) patterns typically appear as separated rings with various width 
and intensity levels. The rings contain information related to the material structure (e.g. HAp 
crystallites and organic components in dental tissue; Figure 2.2.). Additionally, the small-angle X-ray 
scattering (SAXS) patterns contain information on size, shape and alignment of a crystalline material. 
Traditional lab-based X-ray scattering methods (e.g. XRD) analyse powdered samples, providing 
averaged results of the entire sample. To investigate local characteristics of dental nanostructures, 
synchrotron-based X-ray scattering experiments were conducted. 
The ex situ synchrotron X-ray scattering experiment was carried out on the I22 SAXS beamline at the 
Diamond Light Source (DLS) facility (Oxford Harwell Campus, Didcot, UK) and used sections that 
were previously burned in the laboratory furnace (Section 2.4.1). A monochromatic 18keV X-ray 
beam focused to a beam size of 14.5×19μm was used to analyse the samples. The sample-detector 
distance was 1,040mm, enabling the entire SAXS and a partial WAXS pattern to be captured on a 2-D 
Pilatus 2M detector (Dectris Ltd., Baden, Switzerland). A small tungsten structure (beamstop) was 
positioned in front of the detector to prevent the incident X-ray beam from directly hitting the detector. 
Two longitudinal line scans with 14 measurements each were collected in transmission mode from 
fixed locations within all samples (scan step 100μm). Additionally, transverse line scans with six 
measurements each were performed for selected samples exposed at 400, 600 and 800°C. In order to 
further document spatial variation of the measurements, 0.6×0.6mm region of interests (ROIs) of all 
samples including the dentine-enamel junction were mapped, resulting in a 15×15 grid of 225 
scattering patterns (scan step 40μm). 
The real-time synchrotron X-ray scattering experiment was also performed on the I22 SAXS beamline 
at the DLS facility and used the synchrotron furnace setup described in Section 2.4.2.  
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A monochromatic 18keV X-ray beam was used to illuminate the samples with a focused beam of 
65×120μm. The specific furnace design allowed the incident X-rays to be transmitted directly through 
the tooth sample. The SAXS patterns were collected in enamel and dentine at four fixed locations 
within the specimens. A Pilatus 2M detector (Dectris Ltd., Baden, Switzerland) was positioned at a 
distance of 2,892mm for the SAXS measurements. A lightly compacted disk of National Institute of 
Standards and Technology (NIST) silicon powder was used for the WAXS data calibration, and a disk 
of silver behenate (AgC22H43O2) powder was used for the SAXS data calibration. 
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Figure 2.2  Representative small and wide-angle X-ray scattering (SAXS/WAXS) patterns 
 
(A) Representative WAXS pattern of enamel. Separated rings with various width 
and intensity levels indicating the underlying crystalline structure. The dark region 
in the centre is the beamstop 
(B) Representative SAXS pattern of enamel. The black lines are the borders of the 
individual sections of the detector, and the dark spot in the centre is the beamstop. 
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2.8. Image processing and analysis 
2.8.1. Photographic colour analysis 
 
For colour calibration of the digital photographs, a Gretag Macbeth Color Checker Chart was used. 
Image processing and analysis was done in Fiji (Schindelin et al., 2012) using ImageJ versions 1.45f 
to 1.48c (Rasband, 1997-2013). Image calibration was performed using the ‘Chart White Balance’ 
plugin (van der Haeghen and Naeyaert, 2006). A macro was recorded in Fiji to produce a mask, 
creating a uniform black background and facilitate the colour analysis (Figure 2.3, and Appendix 
11.1). A selection of 6,000 pixels was cropped from each tooth of the different test groups, which was 
equal to a root surface area of 23.6mm2. As the computing time to compare all colours of all 
temperature groups was not justifiable, a colour reduction was performed. Wu’s colour reduction 
algorithm implemented into the ‘3D Color Inspector’ plugin (Barthel, 2007) was used to reduce the 
colour information of the previously calibrated digital photographs. 
To evaluate the effects of reducing the number of colours, the colour entropy was calculated. Entropy 
is a measure of uncertainty in the distribution of values within a defined space and is reported in units 
called ‘bits’. Hence, colour entropy indicates how dispersedly/compactly distributed the colours of the 
individual selections are within the three-dimensional RGB colour space (Sun et al., 2006). Entropy is 
defined as the -∑ pi*log2(pi) , where pi is the probability of occurrence of a colour (i.e. counts for each 
colour divided by the total number of pixels in an image), and log2 is the logarithm in base 2. An 
image that contains just a single colour has the minimum entropy value of 0, whilst an image 
containing equal proportions of each of the 16’777’216 colours of the RGB colour space has the 
maximum entropy value of 24. For this study, the entropy of each cropped region containing 6,000 
pixels was calculated using an ImageJ macro written by G. Landini (see Appendix 11.1). 
Additional colour calculations were performed to evaluate the differences in surface colour alterations 
between the individual experimental groups. In general, colours can be reported as spectra or 
numerical values in colour spaces, with RGB and CIE L*a*b* being the most frequently used 
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numerical quantification systems. The RGB colour model indicates that red (R), green (G) and blue 
(B) light is added together to produce a wide range of colours.  
In order to determine colour changes and differences between two samples more precisely, the 
Commission Internationale de L'éclairage (CIE) developed the ΔE (delta-E 1976) equation, which is 
based on an alternative colour space called CIE L*a*b*. This colour space describes colour based on 
the mixture of three metrics: L* is the lightness (white L=100, black L=0), a* indicates the colour 
contents in a green (negative) and red (positive) axis, and b* values indicates the colour contents in a 
blue (negative) and yellow (positive) axis. The ΔE 1976 equation between two colours L*1a*1b*1 and 
L*2a*2b*2 is defined as the Euclidean distance √[(L*2-L*1)2 + (a*2-a*1)2 + (b*2-b*1)2]. This enables the 
comparison of colours by giving a single value proportional to the difference between two colours 
(Lindbloom, 2009). ∆E values above 1 to 2.3 have been reported to be the just noticeable colour 
differences distinguishable by normal human vision (Lindbloom, 2009, Mahny et al., 1994, van der 
Haeghen and Naeyaert, 2006). Nonetheless, the ΔE value does not provide information on the colours 
themselves. 
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Figure 2.3 Quantitative colorimetric analysis of surface colour alterations 
 
 (A) Colour-calibrated image with original green felt background  
(B) Creation of uniform black background using Fiji macro  
(C) Background added to colour-calibrated image  
(D) Colour-calibrated image and corresponding colours in RGB colour space 
(E) Photograph after Wu-Chant colour reduction and corresponding colours in 
RGB colour space.  
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2.8.2. X-ray micro-computed tomography (Micro-CT) data analysis 
 
The micro-CT projection images were reconstructed using the SkyScan NRECON software suite 
(Bruker SkyScan, Kontich, Belgium) with a uniform attenuation coefficient to produce cross-sectional 
images of the dental samples. Subsequently, 3-D models were rendered using the Fiji ‘3D viewer’ 
plugin (Schmid et al., 2010). 
To investigate the dentinal shrinkage, the cross-sectional images were converted into NRRD stack 
files in Fiji and a 3-D fast rigid registration of pre- and post-scans was performed using 3D Slicer 
version 3.6.4 (Fedorov et al., 2012) as described by Robinson et al. (2012). The pre- and post-scan 
image stacks were loaded back into Fiji and after a manual determination of the region of interest 
(ROI) the registered image stacks were cropped using the ‘Slice Remover’ tool. To prevent a false-
positive influence of broken coronal dentine on dentinal shrinkage the analysed ROI was limited to 
non-fragmented dentine parts, with a minimum of 400 slices (equal to 5.4mm) included in the 
analysis. Subsequently, the image stacks were binarised using the same thresholding values. The 
resulting pre- and post-volume values were exported to SPSS version 19 (IBM SPSS Inc., 
Armonk, USA) for further statistical analysis. 
2.9. X-ray scattering data analysis 
 
The analysis of the X-ray scattering (SAXS/WAXS) data was conducted by Mrs. Tan Sui as part of an 
ongoing collaborative project between the School of Dentistry (University of Birmingham) and the 
Department of Engineering (University of Oxford) (Sandholzer et al., 2014, in press, Sui et al., 2014a, 
Sui et al., 2013a, Sui et al., 2013b, Sui et al., 2014b). 
2.9.1. Small-angle X-ray scatting (SAXS) 
 
Small-angle X-ray scatting (SAXS) patterns provide information about the mean crystallite thickness, 
degree of alignment and particle shape. For an initial quantitative analysis 2-D diffraction images were 
converted into one-dimensional (1-D) intensity profiles and pre-processed using the Fit2D software 
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package (Hammersley, 1997). The mean crystallite thickness (T) was determined using established 
methods (Fratzl et al., 1992). Frequently, T  is used as the definition of the mean crystallite thickness 
without any assumption of the particle shape (Hiller et al., 2003).  
The crystallite shape in dental tissue is usually considered to be needle- or platelet-like (Marten et al., 
2010). For the special case of needle or platelet shaped particles T can be interpreted as an average 
measurement of the smallest dimension of crystallite (i.e. mean crystallite thickness). By taking further 
factors (e.g. the mineral volume fraction) into account, the actual thickness of the crystallite can be 
calculated based on the mean thickness results (Glatter and Kratky, 1982, Tesch et al., 2001). 
The crystallite orientation, referred to as the degree of alignment (ρ) is used to describe the percentage 
of aligned particles in a sample. The crystalline degree of alignment was determined as explained and 
illustrated in Sui et al. (2013b). The value for the crystalline degree of alignment ranges from 0 to 1, 
with ρ=0 indicating no predominant orientation and ρ=1 corresponding to perfect alignment of all 
crystallites (Rinnerthaler et al., 1999, Tesch et al., 2001).  
As outlined by Sui et al. (2013b) the crystallite shape can be directly obtained from the logarithmic 
format of the SAXS profile plot. If the absolute value of the slope of this plot is close to 1, the particle 
has a needle-like shape, whilst if it is close to 2, the shape is platelet-like. Values above 2 correspond 
to a more complex (polydisperse) crystal morphology (Hiller and Wess, 2006). 
2.9.2. Wide-angle X-ray scatting (WAXS) 
 
The analysis of WAXS patterns establishes the relationship between the spacing of atomic planes in 
crystallites and the scattering angle at which these planes produce intense reflections (Hiller and Wess, 
2006). Each intensity peak corresponds to a certain group of lattice planes within a certain 
crystallographic phase of the mineral. Therefore, diffraction pattern analysis can be used to identify 
and quantify the crystallographic phases and structure parameters (i.e. characteristic arrangement of 
atoms). A strong and distinct ring obtained from HAp is that of the (002) lattice plane, which contains 
information on the orientation of the principal axis (Deymier-Black et al., 2010).  
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The dimensions of the crystallites cause diffraction peak broadening that can be used to deduce the 
particle size, by calculating the full width at half maximum (FWHM) variation ratio (Shipman et al., 
1984). 
2.10. Statistical analysis 
 
The statistical analysis was performed with SPSS versions 19 and 20 (IBM Co., Armonk, USA) and in 
R v.3.0.2 (R Core Team, 2013). First, the measurements of weight loss and shrinkage as well as 
SAXS/WAXS results were tested for normality using Shapiro-Wilk tests. Subsequently, the computed 
differences of the weight loss, shrinkage and mean crystallite thickness were statistically analysed with 
one-way analysis of variance (ANOVA) and post-hoc Least Significant Difference (LSD) tests. A 
two-tailed independent sample t-test was used to evaluate the statistical difference in dentinal 
shrinkage and weight loss between premolars and molars. Probability levels of p<0.05 (95% 
confidence interval) were considered statistically significant. The Pearson’s correlation coefficient was 
calculated to show the strength of the relationship between colour entropy and number of colours. 
Hierarchical tree diagrams (dendrograms) based on the complete linkage (maximum) clustering 
method were chosen to visualise trends in surface colour alterations. The colours grouped into the 
earliest four to five clusters were used to evaluate whether particular colour groups could be related to 
specific temperature regions.  
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Chapter 3 – Results: Heat-induced weight loss and compositional changes 
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High-precision analytical scale measurements and thermogravimetric analysis (TGA) were used to 
evaluate the influence of duration of heat exposure and heating regimes on the weight loss of dental 
tissues. Additionally, the destruction of organic components and lattice carbonates was documented 
with attenuated total reflectance (ATR) and real-time Fourier-transformed infrared spectroscopy 
(FTIR). 
3.1. Weight loss of teeth 
3.1.1. Analytical scale measurements 
 
High-precision analytical scale measurements were made to provide information on the weight loss of 
teeth. The enamel was fully preserved and attached in all 400°C groups and partially separated from 
the coronal dentine or fragmented between 500 and 600°C. Complete separation and fragmentation of 
the enamel was found in all teeth heated at and above 700°C (Figure 3.1). To determine the overall 
weight loss, all fragments of dentine and enamel were collected from the crucibles and included in the 
measurements. A two-tailed independent sample t-test found no significant difference between the 
weight loss of premolars and molars (p=0.841). Burned soft tissue remains that were still present in the 
crucibles made it difficult to determine the accurate rate of weight loss for the samples of the soft 
tissue protection group.  
3.1.2. Influence of duration of heat exposure and heating regimes on weight loss 
 
The influence of duration was analysed by exposing teeth for 5, 15, 30 and 45min at 400°C to 1000°C.  
Additionally, the influence of heating regimes (incremental increase as well as cooling overnight) was 
tested for three temperatures (400, 700 and 900°C). To compare the weight loss of the individual 
groups, a one-way ANOVA with a post-hoc least significant difference (LSD) test was performed to 
identify significant differences in weight loss. The results of the mean weight loss and the significance 
levels of mean weight loss differences are presented in Tables 3.1 and 3.2. 
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Figure 3.1   Fragmentation of enamel after 30min constant exposure at high temperatures 
 
Preservation and attachment of enamel visible at 400°C, whilst fragmentation occurred 
between 500 and 600°C. Complete separation and fragmentation of enamel at and 
above 700°C. Scale bar = 10mm. 
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Table 3.1  Mean weight loss of teeth after exposure to elevated temperatures of 400 to 1000°C 
(n=179). Values given as percentage weight loss ± 1 SD (standard deviation). 
 
Temperature INC 5min CON 
15min 
CON 
30min 
CON 
45min 
CON ON 
400°C 7.8 ± 0.5 11.4 ± 0.8 18.5 ± 1.5 16.1 ± 1.5 20.2 ± 0.8 18.0 ± 0.7 
500°C - 16.0 ± 3.6 21.0 ± 2.4 20.0 ± 1.2 27.2 ± 2.1 - 
600°C - 30.2 ± 0.9 26.6 ± 4.1 25.6 ± 3.6 32.0 ± 2.8 - 
700°C 20.1 ± 1.9 28.9 ± 3.9 30.5 ± 4.0 27.1 ± 2.6 29.6 ± 2.9 29.3 ± 3.1 
800°C - 27.7 ± 1.5 30.6 ± 1.9 30.0 ± 1.6 33.9 ± 3.9 - 
900°C 27.1 ± 3.9 29.4 ± 3.3 34.0 ± 3.6 30.8 ± 3.4 33.5 ± 3.1 32.3 ± 2.0 
1000°C - 34.0 ± 1.4 34.1 ± 2.4 32.9 ± 1.5 33.6 ± 1.9 - 
INC  Incremental increase, removed from furnace when temperature was reached 
CON  Constant exposure for specified duration, removed from furnace when duration was reached  
ON  Constant exposure for 30min, removed from furnace after cooling overnight. 
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Influence of duration of heat exposure 
The statistical analysis of the various duration groups revealed trends in the amount of weight loss. 
Whilst the duration of temperature exposure played a role in temperature groups at or below 600°C, 
the weight loss was less variable in the groups exposed to ≥700°C. A maximum average weight loss of 
33.9% was recorded for the group exposed constantly to 800°C for 45min. There was no statistical 
difference in weight loss between the 15 and 45min constant exposure groups for all tested 
temperature groups, apart from the 600°C groups (p=0.009; Table 3.2). When teeth were exposed for 
only 5min, they showed a similar weight loss (p>0.05) to the subordinate 45min groups, with 
exception of the 900°C 5min/800°C 45min pairing (p=0.021).  
Influence of heating regimes 
The 400 and 700°C incremental increase groups did significantly differ from all constant exposure 
groups of the same temperature. Whilst the 400°C incremental increase group did not overlap with any 
other tested temperature group, teeth of the 700°C incremental increase group lost a similar amount of 
weight as the 500°C 30min constant exposure group (p=0.929). The weight loss of the 900°C 
incremental group was similar to the 600°C 15min constant exposure group (p=0.973), and 
significantly differed from all other 900°C constant exposure groups apart from the 5min constant 
exposure group (p=0.079).  
Cooling overnight after 30min constant exposure primarily affected the weight loss in the 400°C 
group, and was comparable to the 500°C 30min constant exposure test group (p=0.913). The 700 and 
900°C overnight cooling groups were similar to the constant exposure groups of the same temperature, 
and only differed significantly from the respective incremental increase groups (p<0.0005). 
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3.1.2. Thermogravimetric (TGA) measurements 
 
Following the analytical scale measurements, further investigations using time- and temperature-
resolved thermogravimetric analysis (TGA) were made. Twenty freshly cut cubic samples of dentine 
(n=8), enamel (n=4) and demineralised dentine (n=8) were subdivided into four heating rate groups (6, 
12, 20.75 and 24°C/min) to determine temperature regions of increased rates of weight loss and study 
the influence of various heating regimes on the weight loss over time. The TGA equipment could only 
simulate incremental temperature increase, with 20.75°C/min increase equalling the heating rate used 
in the laboratory furnace experiments. The 6, 12 and 24°C/min groups mimicked the temperature 
increase that was used in the real-time FTIR and synchrotron X-ray scattering experiments (Chapters 
3.2.2 and 6.4).  
The weight loss of the enamel samples was relatively uniform in all tested heating rate groups, ranging 
from 4.0 to 4.2%. For dentine, the average weight loss after heating from room temperature (RT) to 
900°C ranged between 31.6 and 33.5%, depending on the heating regime. To determine the water 
content of the dentine samples, five dentine cubes that were dried using a row of increasing alcohol 
concentrations and kept at 60°C overnight, showing an average weight loss of 7.0%. The 
demineralised samples lost 97.9 to 100.0% of their weight, indicating that the fastest increase rate 
(24°C/min) did not destroy all organic components (Figure 3.2 and Table 3.3).  
In order to identify temperature ranges leading to substantial weight loss, the first derivative of the 
TGA curve (ΔMass/ΔTemperature) was calculated. In dentine, distinct peaks were observed in the regions of 
125 to 175°C and 330 to 360°C. A shift of those peaks was observed, depending on the heating rate 
(Figure 3.2A). For demineralised dentine, peaks were found in the regions of 170 to 180°C, 315 to 
330°C and 590 to 640°C, again related to the chosen temperature increase (Figure 3.2B).  
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Table 3.3 Mean percentage weight loss at rates of 6, 12, 20.75 and 24°C/min for dentine (n=2), 
enamel (n=1) and demineralised dentine (n=2) heated from RT to 900°C. 
 
 Weight loss %  
Temperature increase Enamel Dentine Demineralised 
6°C/min 4.0 33.5 ± 1.7 100.0 ± 0.1 
12°C/min 4.1 31.9 ± 3.1 99.7 ± 0.2 
20.75°C/min 4.1 33.1 ± 0.3 99.5 ± 0.2 
24°C/min 4.2 31.6 ± 0.8 97.9 ± 1.3 
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Figure 3.3   First derivative of TGA curves indicating regions of increased weight loss at heating 
rates of 6, 12 and 24°C/min for (A) dentine and (B) demineralised dentine heated from 
RT to 900°C. 
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3.2. Compositional alterations of teeth 
 
To further understand the compositional alterations, an attenuated total reflectance (ATR-) FTIR 
analysis was performed. Additionally, a real-time FTIR heating setup was used to investigate the time- 
and temperature-resolved loss of organic components and lattice carbonates during the heating 
process. 
3.2.1. Attenuated Reflective Fourier-transformed infrared spectroscopy (ATR-FTIR) 
analysis 
 
At room temperature dentine and enamel showed compositional differences, with organic components 
and lattice carbonates more predominant in dentine (Figure 3.4). The peaks between 1400 and 
1540cm-1 are associated with lattice carbonate (CO32-) substitutions of the phosphate (PO43-) or 
hydroxyl (OH-) groups in hydroxyapatite. The peaks between 1540 and 1650cm-1 are associated with 
chemical structures (amides) present in collagen and other proteins (Hollund et al., 2013, Mkukuma et 
al., 2004). The height of the inorganic phosphate peak at 1030cm-1 appeared as not being influenced by 
the heating process. With increasing temperature, the peaks in the 1400-1650cm-1 region began to 
decrease in dentine around 250°C, with a clear loss seen at 400°C. At elevated temperatures, the peaks 
of organic structures and apatite substitutions reduced further. Whilst the predominant loss of the 
collagen-related peak (1640cm-1) was already seen at 700°C, a flat spectrum in the entire 1400 to 
1650cm-1 region at 900°C indicated the principal loss of organic structures and lattice carbonates in 
dentine (Figure 3.5). 
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Figure 3.4  FTIR spectra of dentine (blue) and enamel (red) at room temperature.   
 The phosphate peak at 1030cm-1 is linked to the mineral components of dental tissues. 
Peaks between 1400 and 1540cm-1 are associated with lattice carbonates, peaks 
between 1540 and 1650cm-1 are related to chemical structures (amides) present in 
collagen and other proteins. In contrast to dentine, enamel showed no peaks in the 
collagen/protein related region (1540 to 1650cm-1). 
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Figure 3.5  Changes of FTIR spectrum of dentine after 30min constant exposure to 400, 700 and 
900°C compared to room temperature. Compared to RT (dark blue) the organic 
component peaks (1400-1650cm-1) reduce between 400 (green) and 700°C (cyan). At 
900°C (red) a flat line indicates the principal loss of the organic components in 
dentine. The height of the inorganic phosphate peak (1030cm-1) was not influenced by 
the heating process. 
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3.2.2. Real-time Fourier-transformed infrared spectroscopy measurements 
 
The real-time FTIR heating equipment could only simulate incremental temperature increase up to 
400°C. A 12°C/min temperature increase was selected to match the heating rates used in the TGA and 
real-time synchrotron X-ray scattering experiments (Chapters 3.1.2 and 6.4). 
The real-time FTIR measurements were used to further analyse the heat-induced destruction of the 
organic components and lattice carbonates in dentine. The peaks at 1415, 1460, 1546 and 1640cm-1 as 
well as the overall area between 1415 and 1650cm-1 were analysed (Figure 3.5). The area between 
1415 and 1650cm-1 diminished by 35% after the dentine cross sections were heated from RT to 400°C. 
The two analysed peaks associated with amide groups from collagen (1546 and 1640cm-1) lost 63 to 
67% of their intensity (i.e. peak height), already starting at around 60°C. The two group peaks at 1415 
and 1460cm-1 associated with lattice carbonates were less affected (12 to 22% decrease of peak 
height), with the 1415cm-1 peak showing no changes up to 280°C.  
Moreover, a temperature dependent discolouration of the tooth cross-section was observed during the 
real-time FTIR experiment. The natural colour of dentine changed to dark yellow/light brown between 
255 and 270°C, altering to a darker brown around 290 to 300°C and finally becoming black around 
340°C. 
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Figure 3.6  Real-time FTIR measurements of the heat-induced destruction of organic components 
and lattice carbonates in dentine heated from RT to 400°C. Peaks associated with 
lattice carbonates (1415 and 1460cm-1) were less affected by elevated temperatures 
than peaks associated with amide groups from collagen (1546 and 1640cm-1). 
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Chapter 4 – Results: Heat-induced surface colour alterations 
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As presented in the previous chapter, the duration of heat exposure and the heating regimes (constant 
exposure, incremental increase, cooling overnight) influenced the weight loss and composition of 
dental tissues. The destruction of organic material has previously been associated with the alterations 
of surface colour, which is one of the main macroscopic feature of burned dental remains (Endris and 
Berrsche, 1985, Shipman et al., 1984). Therefore, the influence of both, duration of heat exposure and 
heating regimes on the surface colour changes was assessed by computational image analysis on 
calibrated digital photographs.  
4.1. Influence of duration of heat exposure on surface colour 
 
The influence of four heating duration subgroups (5, 15, 30 and 45min) were tested for each of the 
seven temperatures investigated (n=84; 400 to 1000°C, Figure 4.1). As the enamel was frequently 
fragmented at elevated temperatures, the colorimetric analysis was limited to the root surface. A 
progressive shift of the root surface colour from a natural pale yellow at room temperature to 
predominantly dark yellow/black (400°C), brown (500 to 600°C), greyish-blue (700°C), light grey 
(800°C), chalky-white (900°C) and patches of white, black and pink (1000°C) was observed. 
The 500°C 5min group visually appeared similar to the 400°C 15 to 45min exposure groups, as did 
the colours found for teeth of the 500°C 45min and the 600°C 5min group. Generally, with prolonged 
exposure times, the colour difference between the duration groups was less apparent upon visual 
examination. 
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Figure 4.1  Example of root surface colour alterations after exposure to various temperatures (A-
G: 400 to 1000°C). Groups: 5min (upper left), 15min (upper right), 30min (lower left) 
and 45min (lower right). Scale bar = 5mm. 
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In addition to subjective visual examination, a quantitative approach was used to investigate the 
surface colour alterations. Areas of interest of 6,000 pixels (60×100px, equalling to a root surface area 
of 23.6mm2) were cropped from the calibrated digital photographs. These regions featured between 
247 and 4,878 colours, adding up to a total of 99,631 colours for all 84 selections (Figure 4.2).  
The colour entropies of the individual selections are shown in Figure 4.3A, indicating how 
dispersedly/compactly distributed the colours of the individual selections are within the 3-D RGB 
colour space. The Pearson’s correlation coefficient was calculated to assess the strength of the 
relationship between colour entropy and number of colours present in the area of interest. As 
expected, there was a positive correlation between the colour entropy and the number of colours 
(r=0.780, n=84, p=0.0001). A plot of the colour entropy values of the individual duration groups 
(Figure 4.3B) showed that the lowest colour entropy occurred in the 400°C 15, 30 and 45min and 
500°C 5min groups. A strong decline in colour entropy was seen for the 400°C groups, indicating 
more homogeneous colour alterations after prolonged exposure (15 to 45min). The low colour entropy 
in the 500, 600 and 700°C 5min compared with the related 15, 30 and 45min groups showed that 
colour changes were more heterogeneous with prolonged exposures. In contrast, the 800, 900 and 
1000°C 5min groups had a higher entropy compared to the 15, 30 and 45min groups, indicating that 
the colour appearance was more homogeneous with prolonged exposures. Overall, colour entropy 
fluctuated less with prolonged exposures, pointing towards less variable and more comparable colour 
appearance. 
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Figure 4.2 Root surface colour alterations after exposure to elevated temperatures (400 to 
1000°C). Each row represents one temperature group, and column triplets indicate the 
individual selections of the different duration groups (5, 15, 30 and 45min constant 
exposure). The individual regions equal a root surface area of 23.6mm2. 
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Figure 4.3 Colour entropy of root surface colours after exposure to elevated temperatures  
(A) Colour entropy according to temperature exposure. Each point represents the 
measurement of an individual tooth 
(B) Colour entropy plotted by duration of heat exposure. The circles indicate the 
individual data points, and the lines indicate the group means. 
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4.1.1. Colour reduction process 
 
To reduce the colour information for each duration group (triplet of tiles) down to a palette of the 
most representative colours, the Wu-Quant colour reduction algorithm implemented in the ‘3D Color 
Inspector’ plugin was used (Barthel, 2007). To preserve less predominant colours (e.g. blue tinges in 
the 700°C 30min group), the selections were reduced down to only 16 colours. A reduction to less 
than 16 colours resulted in colour palettes that did not represent the colour diversity present in the 
various temperature groups (Figures 4.4 and 4.5). 
With each of the 28 duration groups reduced to 16 colours, a total of 434 colours were identified, with 
14 colours (3%) overlapping between groups. Ten (62.5%) of those overlapping colours were from 
the 15 to 45min 400 and 500°C 5min groups, the other six (37.5%) were from the 900 and 1000°C 
groups. Due to the reduced number of colours, lower colour entropy values were computed. However, 
the reduction to 16 colours showed similar entropy trends to the original images (Figure 4.6). Colour 
palettes representing the individual duration and temperature groups, after the application of the Wu-
Chant colour reduction algorithm are shown in Figure 4.7. 
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Figure 4.4 Results of the Wu-Chant colour reduction algorithm. Original image (21,148 colours) 
reduced to two to 24 colours with corresponding palettes. A minimum of 16 colours 
was found to still represent the colour diversity of the individual test groups. 
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Figure 4.5 Root surface selections after applying the Wu-Chant colour reduction algorithm 
(down to 16 colours) after 5, 15, 30 and 45min constant exposure to high 
temperatures (400 to 1000°C). Each row represents one temperature group.  
 
 
 
 
 
 
 
 73 
 
 
Figure 4.6 Colour entropy of root surface colours after exposure to elevated temperatures plotted 
against the duration following the application of the Wu-Chant colour reduction 
algorithm (16 colours). The circles indicate the individual entropy values of the 
individual duration group triplets, connected by an interpolation line. 
 
. 
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Figure 4.7 Palettes of root surface colour alterations after the application of the Wu-Chant colour 
reduction algorithm. Each row represents 16 colours of an individual duration group. 
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4.1.2. Hierarchical cluster analysis of colour alterations 
 
Hierarchical tree diagrams were computed to visualise trends in surface colour alterations and to 
evaluate whether certain colours could be related to specific temperature regions. The distribution of 
colours of the individual duration and temperature groups within the L*a*b* colour space are given in 
Figure 4.8. A calculation of the Euclidean distances between each of the 448 colours provided the ΔE 
for all possible 100,128 pairings. The ΔE was found to range between 0 (no colour difference) and 
99.6 (highly different colours; Figure 4.9), with a mean ΔE of 31.6 ± 20.1. Only 174 pairings had a 
ΔE of <1 (0.2%) and 1,026 pairings of <2.3 (1.0%), indicating that the vast majority of the colours 
provided in the reduced colour palettes are distinguishable as distinct colours by normal human vision 
(Lindbloom, 2009, Mahny et al., 1994, van der Haeghen and Naeyaert, 2006). Nonetheless, many 
colours within a group and between groups might appear similar. 
Since the ΔE values do not provide information on the actual surface colours, a hierarchical cluster 
analysis of L*a*b* values was performed and visualised using dendrograms to investigate the 
potential usefulness of colour palettes for a posteriori determination of temperature ranges. 
To investigate how related the colours might be, the branches of the dendrograms were ‘cut’ at a 
clustering distance that would provide the first five main clusters, containing between 11 and 175 
colours (Figure 4.10). The earliest cluster of the dendrogram (Cluster 1) showed the highest level of 
dissimilarity and only contained eleven colours (2.5% of all colours), all of them belonging to the 
400°C 5min group (Figure 4.11). Cluster 2 consisted of 86 colours (19.2%), with all of them 
associated with temperatures of 700°C or higher (Figure 4.12). The third cluster (Cluster 3, Figure 
4.13) included 146 colours (32.6%) derived from 25 of the 28 duration groups (89%). Cluster 4 
incorporated 29 colours (6.5%), mainly made up of colours from the 400°C 15 to 45min and 500°C 
5min groups (86%; Figure 4.14). The fifth cluster (Cluster 5) consisted of 175 colours (39.1%) 
derived from all duration groups (Figure 4.15). 
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Figure 4.9 ΔE value distribution between each of the 448 colours (100,128 pairings) 
The ΔE ranged between 0 (no colour difference) and 99.6 (highly different colours). 
The mean ΔE was 31.6 ± 20.1, with only 174 pairings having a ΔE of <1 (0.2%) and 
1,026 pairings of <2.3 (1.0%), indicating that the vast majority of the colours 
provided in the reduced colour palettes could be differentiated by the normal human 
vision. 
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Figure 4.11 First cluster of root surface colour alterations. Dendrogram representing colours of 
Cluster 1 (n=11, 2.5% of all colours) and corresponding chart indicating that all 
colours of the cluster belong to the 400°C 5min group. 
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Figure 4.12 Second cluster of root surface colour alterations. Dendrogram representing colours of 
Cluster 2 (n=86, 19.2% of all colours) and corresponding chart indicating that colours 
of the cluster are associated with temperatures of 700°C or higher. 
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Figure 4.13 Third cluster of root surface colour alterations. Dendrogram representing colours of 
Cluster 3 (n=146, 32.6% of all colours) and corresponding chart showing that colours 
of the cluster are derived from 25 of the 28 duration groups. 
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Figure 4.14 Fourth cluster of root surface colour alterations. Dendrogram representing colours of 
Cluster 4 (n=29, 6.5% of all colours) and corresponding chart presenting that this 
cluster is mainly made up of colours from the 400°C 15 to 45min and 500°C 5min 
groups. 
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Figure 4.15 Fifth cluster of root surface colour alterations. Dendrogram representing colours of 
Cluster 5 (n=175, 39.1% of all colours) and corresponding chart showing that colours 
of the cluster are derived from all tested duration groups. 
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4.2. Influence of the heating regimes and soft tissue protection on surface colour 
 
The influence of heating regimes and soft tissue protection on the roots’ surface colour was tested 
using 36 posterior teeth (400, 700 and 900°C; Figure 4.16). 
The 400°C incremental increase group visually appeared similar to the 400°C 5min constant exposure 
group, whilst teeth of the overnight cooling and soft tissue protection groups visually acquired similar 
surface colours as teeth with 15 to 45min constant exposure at 400°C or 5min at 500°C. In the 700°C 
groups, the heating regimes and soft tissue protection showed the biggest influence, with a variety of 
colours found in these groups. With exposure to higher temperatures (900°C) however, the visual 
colour difference between the individual groups was less apparent. 
Similarly to the previous colour analysis, selections of 6,000 pixels (23.6mm2 root surface area) were 
cropped from each tooth (n=36; Figure 4.17). The cropped regions had between 250 and 3,512 
colours, adding up to a total of 47,064 colours for all 36 selections. Out of these 47,064 colours, 
21,503 colours (45.7%) belonged to the 700°C groups. A colour reduction to 16 colours was 
performed by using the Wu-Quant colour reduction algorithm for the individual test groups (triplet of 
tiles; Figure 4.17). A total of 191 colours were found after the colour reduction, with one colour 
(0.5%) of the 900°C groups overlapping.  
In the subsequent hierarchical cluster analysis, the branches of the dendrogram were ‘cut’ at a 
distance of 50 to provide four main clusters, containing between 15 and 85 colours (Figure 4.18 and 
4.19). The first cluster contained 15 colours (7.8% of all colours), with 87% belonging to the 400°C 
incremental group. The second cluster included 85 colours (44.3% of all colours), mainly associated 
with the 700 and 900°C groups (89%). The third cluster consisted of 32 colours (16.7% of all colours) 
derived from all treatment groups.  The fourth cluster incorporated 60 colours (31.2% of all colours), 
mainly made up of colours from the 400°C and 700°C groups.  
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Figure 4.16  Differences in colour alterations of human teeth at 400, 700 and 900ºC using various 
heating regimes. (A) Incremental increase (B) 30min constant exposure (C) 30min 
constant exposure with overnight cooling and (D) 30min constant exposure with soft 
tissue protection. 
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Figure 4.17 Root surface sections of the various heating regime groups before (top) and after the 
application of the Wu-Chant colour reduction algorithm (16 colours, bottom). Each 
row represents one temperature group, and triplets indicating the various heating 
regime groups. (INC) Incremental increase (CON) 30min constant exposure (ON) 
30min constant exposure with overnight cooling and (SOFT) 30min constant 
exposure with soft tissue protection. 
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Chapter 5 – Results: Heat-induced structural and dimensional alterations 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 90 
 
The quantification of heat-induced structural alterations was made using video imaging and scanning 
electron microscopy, whilst dimensional and morphological alterations were evaluated with 
conventional radiography and micro-CT. 
5.1. Failure of the dentine-enamel junction 
 
A total of 104 teeth were used in the analysis of heat-induced structural alterations. The enamel 
remained attached to the dentine in all teeth of the 400°C test groups, partially separated from the 
coronal dentine or fragmented between 500 and 700°C and fully separated and fragmented in all teeth 
at or above 800°C (Figure 3.1). The failure of the dentine-enamel junction was captured as a video 
using a digital camera at 24 frames per second. Figure 5.1 shows subsequent still images of a video, 
showing the spontaneous separation of dentine and enamel between two frames (within 0.04 seconds). 
A discolouration of the adjacent coronal dentine was observed shortly before the initial failure. 
Infrared thermometer measurements indicated a surface temperature between 380 and 450°C when the 
initial shattering of the enamel occurred. 
5.2. Cracks and fractures 
 
Besides the separation and fragmentation of the enamel, heat-induced cracks and fractures were 
observed at high temperatures. Multiple superficial cracks were visible in SEM images (Figure 5.2). 
Fractures, referring to cracks that extended over an entire cross-section, could be visualised using 
conventional radiographs and micro-CT imaging. Micro-CT sections of all teeth of the lower 
temperature groups (≤ 600°C) showed multiple cracks in the apical dentine and cementum as well as 
single larger longitudinal cracks. At higher temperatures (700 to 1000°C) multiple larger longitudinal 
and numerous transversal fractures were visible in the dentine, originating from the root canals and 
pulp cavity (Figure 5.3).  
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Figure 5.1 Separation of the enamel alongside the dentine-enamel junction 
(A) Initial separation after 41 seconds exposure to a blue (Bunsen burner) flame 
(~600°C). The tooth surface temperature was ~380°C, with a darkening of the adjacent 
coronal dentine occurring shortly before shattering.  
(B) Further separation of the enamel after 83 seconds heat exposure at a surface 
temperature of ~450°C. 
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Figure 5.2 Visible cracks and fractures in scanning electron microscopic images 
(A) Superficial cracks in the coronal dentine of a tooth from the 600°C 30min constant 
exposure group. Individual fractures and separation of enamel visible at 40× 
magnification 
(B) Tooth fragment from the 900°C 30min constant exposure group showing the 
 failure of the dentine-enamel junction (arrows) and deep cracks in dentine (asterisks) 
at 500× magnification. 
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Figure 5.3 Micro-CT cross-sections of premolars of the (A) 400, (B) 700 and (C) 900°C 30min 
constant exposure group. Visualisation of the dentinal volume loss using the registered 
pre- and post-scan sections (left) and cross-sections in the apical (middle) and coronal 
dentine (right). The cross-sections showed multiple cracks in the apical and coronal 
dentine and partial or full detachment and fragmentation of the crown. Scale bar = 
1mm. 
This figure is reprinted from Sandholzer et al. ‘Radiologic evaluation of heat-induced shrinkage and 
shape preservation of human teeth using micro-CT’ Journal of Forensic Radiology and Imaging 2013; 
1(3), p.107-111, with permission from Elsevier.  
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5.2. Shrinkage 
 
In total, 104 teeth were included in the statistical data analysis of heat-induced volumetric shrinkage. 
Due to the fragmentation and separation of enamel, the analysis primarily focused on the root and did 
not include the measurement of specific tooth dimensions. To prevent a false-positive influence of 
broken coronal dentine the analysed region of interest (ROI) was limited to non-fragmented dentine 
and a minimum of 400 micro-CT cross-sections (i.e. 5.4 mm) of the corresponding pre- and post-
scans. A two-tailed independent sample t-test showed no statistical difference between the dentinal 
shrinkage of premolars and molars (p=0.493). The mean volumetric shrinkage in the 30min constant 
exposure groups was found to be between 4.8 (at 400°C) and 32.5% (at 1000°C, Table 5.1). The 
results indicate that minor shrinkage already occurred at temperatures as low as 400°C (4.8%), with a 
sharp increase between 700 and 800°C (11.5 to 24.2%). A one-way ANOVA with post-hoc LSD test 
showed significant differences in the rate of shrinkage at higher temperatures, whereas no significant 
differences were found between lower temperature groups (400 vs. 500°C (p=0.642); 500 vs. 600°C 
(p=0.073); 600 vs. 700°C (p=0.060)). 
Moreover, the statistical analysis revealed that the heating regime did not influence the volumetric 
shrinkage at 400°C, however elongated exposure time to higher temperatures (700 and 900°C) was 
found to significantly increase the rate of shrinkage (Table 5.2).  
In order to relate volumetric shrinkage resulting from micro-CT measurements to conventional 
radiographs, the rate of 2-D shrinkage was calculated. Assuming uniform shrinkage, the axonometric 
relationship between 2-D and 3-D shrinkage can be calculated independently of the shape of the object 
as: (ShrinkageVol)2/3. The 2-D shrinkage was found to range between 2.8% (at 400°C) and 10.2% (at 
1000°C; Tables 5.1 and 5.2) 
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Table 5.1  Mean dentinal shrinkage after 30min constant exposure (n=56). Statistical significance 
  was evaluated using a one-way ANOVA with 95% confidence interval (significance 
  levels: * p<0.05, **p<0.005, ***p<0.0005). 
 
Temperature (°C) 3-D Shrinkage (% ±1 SD) 2-D Shrinkage (%) 
400 4.8 ± 0.8 2.8 
500 5.9 ± 1.4 3.3 
600 8.7 ± 0.8 4.2 
700 11.5 ± 1.5 * 5.1 
800 24.2 ± 4.2 *** 8.4 
900 27.5 ± 4.4 * 9.1 
1000 32.5 ± 5.4 ** 10.2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 96 
 
Table 5.2  Mean dentinal shrinkage using three different heating regimes (n=72). Statistical 
  significance was evaluated using a one-way ANOVA with 95% confidence interval 
  (significance levels: * p<0.05, **p<0.005, ***p<0.0005). 
 
Temperature (°C) 3-D Shrinkage (% ±1 SD) 2-D Shrinkage (%) 
400 INC 5.04 ± 0.91 2.94 
400 CON 4.78 ± 0.80 2.84 
400 ON 5.61 ± 0.75 3.16 
700 INC 9.16 ± 1.91 4.38 
700 CON 11.53 ± 1.53 5.10 
700 ON 16.61 ± 3.60 ** 6.51 
900 INC 25.47 ± 4.92 8.66 
900 CON 27.50 ± 4.35 9.11 
900 ON 31.14 ± 2.18 * 9.90 
 
 INC  Incremental increase, removed from furnace when temperature was reached 
 CON  Constant exposure for 30min, removed from furnace when duration was reached  
 ON  Constant exposure for 30min, removed from furnace after cooling overnight.  
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5.3. Morphological preservation 
 
Shape preservation of the dentine was investigated using digital radiographs, cross-sectional micro-CT 
images and 3-D models of the co-registered pre- and post-scans. Although fragmentation and cracks at 
high temperatures often affected the morphology of the root canals and pulp cavity, visually the 
shrinkage did not appear to influence tooth morphology. 
The shrinkage can generally be described as uniform and the overall tooth morphology was well 
preserved in premolars and molars (Figure 5.5). Minor heat-induced contraction of the distal (apical) 
portions of the roots was found in the 3-D models of teeth heated at and above 800°C, but was not 
identifiable on the standard digital radiographs (Figure 5.6). 
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Figure 5.5 Comparative 3-D models indicating shape preservation after exposure to elevated 
temperatures (700 to 1000°C). Visualisation of dentinal volume loss using  registered 
micro-CT pre- and post-scans at (A) 700, (B) 900 and (C) 1000°C indicating good 
preservation of tooth morphology.  
This figure is reprinted from Sandholzer et al. ‘Radiologic evaluation of heat-induced shrinkage and 
shape preservation of human teeth using micro-CT’ Journal of Forensic Radiology and Imaging 2013; 
1(3), p.107-111, with permission from Elsevier. 
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Figure 5.6 Corresponding digital radiographs indicating dentinal shrinkage and shape 
preservation of molars and premolars after 30min constant exposure at 900°C. 
Complete fragmentation of the crown and partially fragmented coronal dentine with 
multiple cracks and fractures present. Scale bar = 1mm. 
This figure is reprinted from Sandholzer et al. ‘Radiologic evaluation of heat-induced shrinkage and 
shape preservation of human teeth using micro-CT’ Journal of Forensic Radiology and Imaging 2013; 
1(3), p.107-111, with permission from Elsevier. 
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Chapter 6 – Results: Heat-induced crystalline alterations 
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The heat-induced crystalline alterations of dental tissues were analysed using synchrotron-based X-ray 
scattering experiments. The small- and wide-angle X-ray scattering (SAXS/WAXS) patterns provided 
information on crystallite dimensions, the degree of alignment and crystallite shape. 
6.1. Macroscopic and microscopic alterations 
 
Fourteen tooth sections (3×1×0.5mm) were analysed in the ex situ synchrotron X-ray scattering 
experiment, and three 1mm bucco-lingual cross-sections were used in the real-time synchrotron X-ray 
scattering experiment. The ex situ samples showed a progressive, temperature-dependent shift in 
surface colours similar to the changes observed for entire teeth (Figure 6.1). Micro-CT revealed that in 
all heated ex situ samples cracks were present in dentine, with multiple and larger cracks observed in 
cross-sections at and above exposure to 700°C (Figure 6.1). Fragments of enamel remained attached 
in samples up to 800°C in the ex situ experiment, enabling SAXS/WAXS analysis of enamel and 
dentine. Due to setup restrictions of the real-time X-ray scattering experiments (i.e. radiation inside 
the experimental hutch and limited size of observation window of furnace), colour alterations and 
temperature of enamel separation could not be documented. 
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Figure 6.1 Documentation of tooth sections used for the ex situ synchrotron X-ray scattering
 experiment  
(A) Surface colour alterations of tooth sections (3×1×0.5mm) heated for 30min at 400 
to 900°C (in steps of 100°C). Scale bars = 500μm. Please note that illumination varied 
from previous surface colour photographs and colour calibration could not be 
performed due to small specimen size. 
(B) Micro-CT maximum-intensity projections of tooth sections (RT, 500 and 700°C) 
used for the ex situ X-ray scattering experiment showing heat-induced cracks within 
dentine and enamel. 
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6.2. Ex situ synchrotron small-angle X-Ray scattering (SAXS) measurements 
 
Initially, two longitudinal line scans with 14 scattering patterns each were collected in transmission 
mode from fixed locations within each sample (scan step 100μm). A total of 13 measurements (three 
in enamel, ten in dentine) that could be clearly attributed to the respective tissue were included in the 
statistical analysis. Additional transverse line scans with six scattering patterns each were performed 
for sections of the 400, 600 and 800°C groups. To further document spatial variation of the 
measurements for all samples, 0.6×0.6mm ROIs including the dentine-enamel junction were mapped 
(scan step 40μm), resulting in a 15×15 grid containing 225 scattering patterns. 
6.2.1. Mean crystallite thickness 
 
The mean crystallite thickness nearly tripled in dentine from 2.01nm at room temperature to 5.58nm at 
900°C (2.8-fold increase). Moreover, the mean crystallite thickness of dentine did not vary in the 
transverse direction at any of the test temperatures (p=0.875 for 400°C; p=0.274 for 600°C; p=0.097 
for 800°C). In contrast, the mean crystallite thickness of enamel only increased 1.4-fold from 3.93nm 
at RT to 5.34nm at 800°C (Figure 6.2). Table 6.1 summarises the mean crystallite thickness variation 
of all test groups (RT, 400 to 900°C). An overview of the variation of the mean crystallite thickness 
variation in the 0.6×0.6mm ROIs is given in Figure 6.5, confirming that dentine and enamel could be 
easily distinguished based on their mean crystallite thickness. Generally, the crystallite dimensions 
within both tissues were lower around the dentine-enamel junction from room temperature up to 
500°C. This trend could also be observed at higher temperatures (<700°C), although the difference of 
the mean crystallite thickness in dentine and enamel was smaller. 
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Figure 6.2 Variation of the mean crystallite thickness in dentine and enamel determined by 
SAXS 
Thirteen longitudinal line measurements were included (three for enamel, ten for 
 dentine). The mean crystallite thickness of dentine increased from 2.01nm at RT to 
 5.58nm at 900°C, and the mean crystallite thickness of enamel increased from 3.93nm 
at RT to 5.34nm at 800°C. Error bars ± 1SD. 
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6.2.2. Crystalline degree of alignment 
 
The values for the crystalline degree of alignment can range between 0 and 1, where 0 describes no 
predominant orientation with the plane of section whilst 1 indicates perfect alignment of all 
crystallites. Figure 6.3 shows the average degree of alignment derived from ten scanning patterns in 
dentine and three patterns in enamel of the individual test groups. The overall degree of alignment of 
crystallites in dentine decreased from 0.27 at RT to 0.15 at 900°C, whilst the degree of alignment in 
enamel dropped from 0.64 at RT to 0.36 at 800°C, indicating a more disordered orientation of the 
crystallites as temperature increased (Table 6.1).  
The main drop in alignment was seen in the dentine adjacent to the dentine-enamel junction when 
plotting the individual values of the line measurements (Figure 6.4). In enamel and distant dentine the 
degree of alignment appeared to be less variable throughout all test groups. Similar trends for the 
degree of alignment variation were found in the 0.6×0.6mm ROIs (Figure 6.5). The lowest degree of 
alignment was visible around the dentine-enamel junction, with a decreasing trend of alignment in 
dentine towards the dentine-enamel junction. 
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Figure 6.3  Variation of the degree of alignment in dentine and enamel determined by SAXS 
Thirteen measurements were taken in longitudinal direction (three for enamel, ten for 
 dentine). The degree of  alignment of crystallites in dentine decreased from 0.27 at RT 
to 0.15 at 900°C and from 0.64 at RT to 0.36 at 800°C in enamel, indicating a more 
random orientation of the crystallites with increasing temperature. Error bars ± 1SD. 
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Figure 6.4  Representative variation of degree of alignment in dentine and enamel at RT, 400 and 
  800°C  
Thirteen measurements (step  size: 100μm) were taken in longitudinal direction (three 
for enamel, ten for dentine). A major drop in the degree of alignment was visible 
around the dentine-enamel junction (Measurement point 4-6), whilst in the enamel 
(Measurement  points 1-3) and distant dentine (Measurement points 7-14) the degree 
of alignment appeared less variable. 
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Figure 6.5  Regions of interest (0.6×0.6mm) of tooth section containing 225 SAXS patterns 
 (A-C) Micro-CT cross-section of the ROI at RT, 500 and 700°C; (D-F) Colour-coded 
mean crystallite thickness (nm) map with crystallite orientation marked as a vector 
field with black arrows; (G-I) Colour-coded degree of alignment map with crystallite 
orientation marked as a vector field with black arrows. 
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6.2.3. Crystallite shape 
 
The crystallite shape variation in dentine and enamel computed from the ex situ synchrotron SAXS 
measurements is given in Figure 6.6. The dentine crystallites had a needle-like morphology at room 
temperature (ρ=1.40), changing to a more platelet-like morphology at 400 to 500°C (ρ=2.03-2.19) and 
finally to a polydisperse (i.e. complex) morphology at 600 to 900°C (ρ=3.22-3.53). The crystallite 
shape of enamel was found to be polydisperse (ρ=2.77-3.27) in all test groups (Table 6.1). 
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Figure 6.6  Variations of crystallite shape in dentine and enamel determined by SAXS 
Thirteen measurements were taken in longitudinal direction (three for enamel, ten for 
dentine). The calculations indicate that a needle-like morphology (1.40) at RT, 
changing to a more platelet-like morphology at 400 to 500°C (2.03-2.19) and finally 
to a polydisperse morphology at 600 to 900°C (3.53-3.22). The shape of enamel 
crystallites was found to be polydisperse (2.77-3.27) in all test groups. Error bars ± 
1SD. 
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6.3. Ex situ synchrotron wide-angle X-Ray scattering (WAXS) measurements 
 
Due to the limited size of the 2-D detector in the ex situ synchrotron experiment, only the (002) peak 
could be captured and analysed. Figure 6.7 shows representative WAXS results for dentine from a 
series of tooth sections (RT, 400, 700, 800 and 900°C) for the particular region of scattering angles 
associated with the (002) peak (11.2-11.5°). After the disappearance of the organic components, 
sintering of the hydroxyapatite crystallites led to grain growth and greater crystal perfection between 
700 and 800°C, reflecting in a sharpening of the diffraction peaks (Figure 6.7). This indicated an 
increased diffraction contribution from larger particles above 800°C as well as a peak separation 
appearing at 900°C. 
By fitting the peaks of the control and 900°C sample, a full width at half maximum (FWHM) variation 
ratio of 0.13:0.039 (dentine) and 0.05:0.04 (enamel) was found. This ratio showed that the crystallites 
appeared 3.3-fold larger in dentine (at 900°C) and 1.3-fold larger in enamel (at 800°C) compared to 
the control sample. 
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Figure 6.7  WAXS results of the (002) reflection of dentine from a series of tooth sections for a 
 selected region of scattering angles (11.2-11.5°). A sharpening of the diffraction peak 
at higher temperatures (800 to 900°C) was observed in comparison to the control 
sample indicating an increased diffraction contribution from larger crystallites. 
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6.4. Real-time small-angle X-Ray scattering (SAXS) measurements  
 
In the real-time synchrotron X-ray scattering experiment, continuous SAXS measurements were 
performed at three fixed locations within the dentine of 1mm bucco-lingual cross-sections (scan step 
100μm) inside a remotely controlled furnace. In order to evaluate the influence of the heating regime 
on the mean crystallite thickness and the degree of alignment, temperature increases of 6, 12 and 
24°C/min were applied. Forty two to 148 patterns were collected between RT and 880 to 900°C, 
depending on the heating regime. 
6.4.1. Mean crystallite thickness 
 
The mean crystallite thickness was calculated from the SAXS patterns, considering a constant volume 
fraction of the mineral phase. During the heating process, a shoulder in the diagram was observed 
between 325 and 375°C, depending on the heating regime (Figure 6.7). A steep increase of the mean 
crystallite thickness started around 470 to 500°C, with the maximum mean crystallite thickness found 
between 770 and 820°C, followed by a slight decrease towards 900°C. The standard deviation of 
crystallite thickness values between the three measurement locations was found to be negligible (≤ 
±0.15nm). 
6.4.2. Crystalline degree of alignment 
 
As a consequence of the heating process, the crystalline degree of alignment in dentine decreased from 
0.18 to 0.05 in the 12°C/min increase group (Figure 6.9). Similar trends were found in the other 
heating regime groups as well (0.10 to 0.01 in 6°C/min group, 0.10 to 0.06 in 24°C/min group). Up to 
280°C the crystallites had a relative stable degree of alignment, with an increase from 0.17 to 0.19 
between 280 and 370°C. Between 370 and 700°C the degree of alignment decreased slowly from 0.19 
to 0.14, whilst between 700 and 900°C the degree of alignment dropped from 0.14 to 0.05. The 
standard deviation of the degree of alignment was found to be negligible (≤ ±0.02), indicating a 
uniform behaviour of the crystallites from the different measurement locations. 
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Figure 6.8 In situ variation of mean crystallite thickness considering a constant volume fraction 
  of the mineral phase. Between 325 and 375°C a hump was present, followed by a 
  steep increase of the mean crystallite thickness starting around  470 to 500°C. The 
  maximum crystallite thickness was between 770 and 820°C, followed by a slight 
  decrease towards 900°C. 
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Figure 6.9 In situ variation of the crystalline degree of alignment in dentine (12°C/min increase 
  up to 880°C). Up to 280°C dentine had a relative stable degree of alignment, with an 
  increase from 0.17 to 0.19 at 280 to 370°C. Between 370 and 700°C the alignment 
  decreased slowly from 0.19 to 0.14, and a further drop (0.14 to 0.05) was observed 
  between 700 and 900°C. 
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Chapter 7 – Discussion 
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The overall aim of the present work was to investigate the influence of duration of heat exposure and 
heating regimes regarding the macroscopic, compositional, structural and crystalline alterations of 
dental tissues. A range of analytical approaches was used to evaluate the heat-induced alterations of 
dentine and enamel. To ensure the comparability of the present work, the selected temperatures and 
heating regimes of were matched to previous lab-based studies (Beach et al., 2008, Bonavilla et al., 
2008, Bush et al., 2006, Fereira et al., 2010, Karkhanis and Franklin, 2009, Merlati et al., 2002, 
Merlati et al., 2004, Moreno et al., 2009, Myers et al., 1999, Patidar et al., 2010, Rossouw et al., 1999, 
Savio et al., 2006, Woisetschlager et al., 2011). 
7.1. Macroscopic alterations 
7.1.1. Failure of the dentine-enamel junction 
 
The fragmentation or ‘popping off’ of enamel was macroscopically observed in teeth heated at or 
above 500°C, whilst the micro-CT analysis already revealed a partial de-bonding of the enamel in the 
400°C groups. Moreover, tooth sections that were heated over a Bunsen burner flame showed initial 
shattering of the enamel at a tooth surface temperature between 380°C and 450°C. This temperature 
range is in accordance with previous studies that reported the ‘popping off’ of enamel after exposing 
teeth between 400 and 500°C (Beach et al., 2008, Endris and Berrsche, 1985, Muller et al., 1998). The 
slight temperature discrepancy of initial shattering between teeth and tooth sections may be explained 
by the heating procedure as well as the tooth section dimensions allowing an accelerated heat transfer 
(Lin et al., 2010a, Lin et al., 2010b, Myers et al., 1999). These factors would also explain the fact that 
some studies reported shattering of the enamel between 650 and 800°C when using a slow incremental 
increase heating regime (Merlati et al., 2002, Sandholzer et al., 2014). 
The shattering of the enamel appeared to be a highly kinetic event (i.e. enamel fragments suddenly 
shattered off) caused by a combination of factors discussed below. A discolouration of the enamel-
adjacent coronal dentine shortly before the initial shattering was observed during the heating of tooth 
sections could be associated with the loss of organic components (Figure 5.1). The loss of organic 
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components has been shown to make dentine more brittle due to increased intertubular tensile stress 
and the dentine-enamel junction weaker, allowing the propagation of cracks (Hughes and White, 
2009).  However, no significant increase of the weight loss (from the analytical scale measurements) 
or rates of weight loss (from TGA) were found between 400 and 500°C, where the initial shattering 
occurred. The boiling and steaming of the absorbed water were also thought to be responsible for an 
initial separation of the dentine-enamel junction (Botha, 1986). However, FTIR experiments by 
Reyes-Gasga et al. (2008) indicated that most of the absorbed water evaporates at around 200°C, and 
therefore most likely does not directly influence the shattering process. Another factor could be the 
high thermal expansion coefficient of the organic components (Lei et al., 2010). Computational 
models of the in situ SAXS measurements by Sui et al. (Sui et al., 2014b) indicate that the HAp 
crystallites are be put under stress by the surrounding organic components at temperatures between 
300 and 400°C, with a release of this stress at around 500°C. Therefore, a differential expansion of the 
denaturing organic material within dental tissues followed by a fast contraction might contribute to the 
de-bonding of the enamel.  
Besides dehydration and alterations of the organic components, the partial or full de-bonding of 
enamel has also been associated with heat-induced dentinal shrinkage (Hughes and White, 2009). The 
micro-CT analysis, although revealing initial de-bonding of the enamel at 400°C, showed no 
significant increase in the dentinal shrinkage between 400 and 500°C (4.8 to 5.9%, 30min constant 
exposure). Overall, the results of the current work indicate that the failure of the dentine-enamel 
junction is most likely caused by a combination of dentinal shrinkage and denaturation-induced 
expansion-contraction of organic structures in the enamel-adjacent coronal dentine. 
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7.1.2. Cracks and fractures 
 
Heat-induced cracks and fractures in dental tissues have been previously investigated using histology, 
dental radiographs and micro-CT (Fereira et al., 2008, Fereira et al., 2010, Sandholzer et al., 2014, 
Savio et al., 2006). Based on microscopic examinations, Muller et al. (1998) found superficial and 
internal cracks in dentine to appear at around 600°C. The micro-CT analysis revealed internal cracks 
in dentine much earlier, at 400°C (Figure 5.3). The primary location of the cracks was near the pulp 
chamber, with less cracks visible in the roots, confirming previous investigations (Sandholzer et al., 
2014). Hughes and White (2009) indicated that cracks and fractures are caused by the spontaneous 
evaporation of  absorbed water and the intertubular tensile stress, allowing the crack to propagate 
through compositionally modified dentine and enamel. Most likely the dehydration and stress induced 
by the loss of organic material supports the formation of these cracks and fractures (Rasmussen et al., 
1976). At the current stage of research it is suggested that heat transfers into the pulp chamber leading 
to the destruction of the organic structures and subsequently to a temperature increase of the air within 
the pulp chamber. As the air volume expands, cracks form and propagated through the structurally 
modified dental tissues. Micro-CT imaging has proven to be a useful tool to document cracks in dental 
tissues and could be used in combination with computational modelling to study crack formation 
mechanisms. However, it is still unclear at what temperatures initial cracks form. One possible way to 
explore this could be high-speed X-ray filming of a tooth placed in a furnace fitted with X-ray 
transmittant windows (similar to the furnace used in the in situ synchrotron SAXS experiment). 
7.1.3. Preservation of tooth morphology 
 
The changes of root and pulpal morphology were visually assessed using 3-D micro-CT models and 
digital radiographs. A minor contraction of the distal portions of the roots was visible in the micro-CT 
models at high temperatures (≥800°C), whilst the resolution of digital radiographs from various angles 
was not able to visualise the shape changes.  
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Moreover, the pulpal morphology, a distinct morphological feature important for fire victim 
identification, did not seem to be influenced by cracks and fractures on the digital radiographs.  
Overall, the good preservation of morphological features is somewhat different from observations 
made for burned animal and human bone, where warping and severe deformation were reported 
(Gonçalves et al., 2011, Shipman et al., 1984, Thompson, 2005). This could be due to the relatively 
isotropic distribution of the organic matrix in teeth when compared to bone (Thompson, 2005). Since 
root and pulpal morphology frequently need to be considered in comparative dental radiography, the 
shape preservation after exposure to high temperature is crucial to allow positive forensic 
identifications (Merlati et al., 2002). 
7.2. Weight loss 
 
The analytical scale measurements of weight loss (Chapter 3.1) ranged between 7.8 (400°C, 
incremental heating) and 33.9% (800°C, 45min constant exposure). Beach et al. (2008) previously 
reported a range between 13.1% (at 204°C, 60min constant exposure) and 36.0% (at 593°C, 30min 
constant exposure). The higher variation in weight loss of the present work can be explained by a 
higher sample size (n=179) compared to the study by Beach et al. (n=32). These results indicate that 
especially during a short exposure at 400 and 500°C (i.e. incremental increase, 5 or 15min constant 
heating), only a part of the tissue volume might have reached a temperature where weight loss could 
occur (Endris and Berrsche, 1985, Lin et al., 2010b). 
An increased rate of weight loss in dentine was found in the region of 125 to 175°C and 330 to 360°C, 
depending on the heating protocol (Figure 3.2). The 125 to 175°C region was previously associated 
with a predominant loss of absorbed water (e.g. trapped in the dentinal tubules) and organic material. 
The weight loss between 330 and 360°C region was ascribed to the destruction of dentinal carbonates 
and lattice water (Holager, 1970, Lim and Liboff, 1972). Additionally, a study by Reyes-Gasga et al. 
(2008) showed that the peak around 200°C relates to the elimination of absorbed water and organic 
material, whilst the peak around 350°C results from the expulsion of lattice water and carbonates. 
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Generally, the TGA measurements were in accordance with earlier studies of the thermal behaviour of 
dental tissues, confirming that the overall weight loss in teeth is derived from dentine rather than 
enamel. (Brown et al., 1970, Brown et al., 1972, Corcia and Moody, 1974, Holager, 1970, Reyes-
Gasga et al., 2008). To date, no TGA measurements have been reported for demineralised dentine. The 
analysis of these samples showed a weight loss of 99.5 up to 100.0% for the 6, 12 and 20.75°C/min 
increase groups, with the principal part (i.e. ≥99%) of organic structures destroyed between 660 and 
825°C. Only the 24°C/min increase group showed some remnants (97.9% weight loss), most likely 
due to the fast temperature increase or small mineral residues. Increased rates of weight loss occurred 
in similar regions found in the dentine samples, with an additional peak in the region of 590 to 640°C 
(Figure 3.2). This peak of increased weight loss might be due to the missing protective effect of the 
mineral structures that may slow down the organic degradation process.  
7.3. Destruction of organic components 
 
The loss of the organic components and lattice carbonates was previously associated with major 
macroscopic and microscopic changes like weight loss, surface colour and dimensional changes 
(Fairgrieve, 2008, Mayne-Correira, 1997, Shipman et al., 1984, Thompson, 2005). 
Attenuated total reflectance FTIR (ATR-FTIR) was performed in order to qualitatively confirm that 
the weight loss found in the analytical scale and TGA measurements are caused by the loss of organic 
components (Chapter 3.2.1). The related carbonate peaks between 1400 and 1650cm-1 diminished with 
increasing temperature, and a principal loss of organic components and lattice carbonates in dentine 
was seen at 900°C. These findings were found to be in accordance with previous studies related to 
compositional alterations in burned animal and human bone (Hollund et al., 2013, Mkukuma et al., 
2004, Thompson et al., 2009).  
In a novel approach, real-time FTIR allowed evaluating the destruction of the carbonates derived from 
organic phase (e.g. collagen matrix, cell proteins) and lattice carbonates (i.e. carbonate substitutions in 
the HAp structure) during the heating process up to 400°C. Peaks related to collagen and cell proteins 
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diminished by up to 67% during the heating process, with effects seen on these peaks as early as 60°C. 
Denaturation and alterations of the collagen appearance between 60 and 100°C were previously 
reported in heat-affected bone (Fernandez Castillo et al., 2013a, Fernandez Castillo et al., 2013b, 
Holden et al., 1995). In contrast, peaks related to lattice carbonates were less affected by the heat 
(maximum 22% decrease of peak height) and stable up to 280°C. 
The possible preservation of DNA in heat-affected teeth has been previously studied, with the purpose 
of supporting the fire victim identification process (Barker et al., 2008, da Silva et al., 2012, Duffy et 
al., 1991, Rees and Cox, 2010). In the present work it was shown that small quantities of organic 
components related to collagen and cell proteins were still present after the heating up to 400°C. 
Nonetheless, the performed measurements of the present study can neither implicate the presence nor 
the quality of DNA. As the knowledge on DNA preservation is crucial to eventually facilitate 
comparative DNA analysis in cases involving burned and fragmented remains (Interpol, 2009, 
Williams et al., 2004), further insight could be gained by using high-performance liquid 
chromatography (HPLC) or TGA coupled mass-spectrometry (TGA-MS) approaches. 
7.4. Surface colour alterations 
 
Surface colour alterations, one of the most noticeable macroscopic feature of heat-affected teeth, has 
been attributed to the loss of organic constituents in dental tissues and combustion of other chemical 
groups of hydroxyapatite (Berzina-Cimdina and Borodajenko, 2012, Endris and Berrsche, 1985, 
Fairgrieve, 2008, Herrmann, 1972, Mayne-Correira, 1997, Moreno et al., 2009, Shipman et al., 1984, 
Thompson, 2005). 
Discolouration towards dark brown and black was seen in the 400°C test groups, and after 5min 
exposure at 500°C. Herrmann (1972) proposed that this initial black discolouration was due to the 
degradation of carbonates. This could be confirmed by the ATR- and real-time FTIR measurements 
that showed that the level of carbonates derived from organic structures decreased during the heating 
process up to 400°C, accompanied by a black discolouration of the tooth cross-section around 340°C. 
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Between 500 and 600°C shades of brown were observed, which might be caused by further 
degradation of organic constituents, combined with the combustion of other chemical groups of HAp 
(Berzina-Cimdina and Borodajenko, 2012). The analytical scale, TGA and FTIR results all indicated 
that the weight loss process and loss of organic constituents was still in progress around 600°C. 
Light grey and white discolourations were observed in most test groups at and above 700°C and were 
previously associated with the principal loss of organic constituents (Herrmann, 1972, Moreno et al., 
2009, Shipman et al., 1984). The analytical scale results of the present work showed that at a 
temperature of  ≥700°C, a plateau of maximum weight loss around 30.5% was reached (range: 27.1 to 
34.1%). The dark grey patches present above 700°C did not appear as glossy as the discolourations 
observed in the 400°C 15 to 45min and 500°C 5min groups, and are likely to be caused by organic 
remnants, substitutions in the HAp structure, reduced oxygen availability or possible contaminants 
inside the furnace. 
The overall trends in surface colour alterations correspond with previous observations of isolated 
human teeth exposed to incrementally increase or constant exposure to elevated temperatures (Beach 
et al., 2008, Karkhanis and Franklin, 2009, Merlati et al., 2002, Moreno et al., 2009, Savio et al., 
2006). Nonetheless, a dependency of the surface colour alterations on the duration of heat exposure, 
the heating regime and soft tissue protection was found. Particularly at temperatures below 800°C, the 
duration of heat exposure and heating regime strongly influenced the colour changes, which would 
lead to miss-classification using colour-chart based systems proposed by Shipman et al. (1984) and 
Karkhanis and Franklin (2009). A constant exposure at 400°C for 5min and incremental increase to 
400°C led to a dark yellow/brown discolouration of the root (7.8 to 11.4% weight loss). In contrast, all 
other 400°C test groups (15, 30, 45min constant exposure, overnight cooling and soft tissue 
protection) resulted in a glossy dark grey/black appearance (16.1 to 20.2% weight loss). Similar 
observations were made for the 500 and 600°C 5min constant exposure groups, which appeared 
similar in root surface colour to the subordinate 15 to 45min constant exposure groups (Figure 4.1). 
But also at higher temperatures, surface colour alterations were very diverse, mainly reflected in the 
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weight loss data (e.g. 700°C groups, 20.1 to 30.5% weight loss). At and above 900°C, the weight loss 
was less influenced by the heating regime, also resulting in more uniform colour appearance. 
Quantitative colorimetric measurements using calibrated digital photographs provided a standardised 
and objective way to document and compare these colour alterations. To evaluate whether certain 
colours could be used to deduce a temperature range, hierarchical cluster analyses were performed. It 
could be shown that 99% of colours present in the 28 duration test groups had a ΔE of more than 2.3, 
and could theoretically be differentiated as separate colours by normal human vision. Nonetheless, 
many colours within a group and between groups might appear very similar. By grouping the colours 
of the 28 duration test groups into five clusters, overall trends in the surface colours could be 
visualised (Figure 4.10). The majority (71.7%) of the colours were grouped into two big clusters. 
These two clusters mainly incorporated tones of grey and brown that were present in 79 to 100% of 
the 28 duration test groups and therefore could not be accurately associated with a distinct temperature 
range. A separate cluster was formed by dark yellow/brown discolourations which were only present 
in the 400°C 5min constant exposure group. The fact that this cluster only consists of one temperature 
group can be ascribed to the short heat exposure and lack of experimental groups below 400°C. An 
additional cluster including shades of dark grey and black consisted mainly of colours from the 400°C 
15 to 45min and 500°C 5min groups (86%), associated with the degradation of carbonates. Light 
grey/white discolourations made up another cluster, and were derived from temperature group of 
700°C or above, linked to the predominant loss of organic constituents in dentine.  
The hierarchical cluster analysis of the colours present in the test groups of the various heating 
regimes and soft tissue protection revealed similar trends as the duration test groups (Figure 4.18). 
Only one of the four clusters could be clearly associated with a distinct temperature range, containing 
variations of light grey/white, predominantly derived from the 700 and 900°C test groups. 
The hierarchical cluster analysis based on quantitative colorimetric measurements was intended to 
evaluate whether information on the temperature could be elicited based on 16 representative colours 
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per experimental group. At the current stage of research the computational analysis only indicated 
three main colour transition stages that can clearly be associated with temperature ranges.  
At short exposures to 400°C or below, the root surface colour changed from the natural pale yellow 
towards a dark yellow/brown. The analytical scale, TGA and FTIR results of the present study 
indicated an initial loss of organic structures at this stage. With prolonged exposures (15 to 45min) at 
400°C or 5min exposure at 500°C the root surface showed a glossy dark grey/black discolouration. 
This stage can be associated with the degradation of carbonates. Finally, at prolonged exposures at and 
above 700°C the root surface colour became predominantly light grey/white, which is related to the 
principal loss of all organic material and lattice carbonates. 
Besides a simple description of colours, various researchers used colour reference charts for the 
documentation and description of surface colour alterations and estimation of temperature exposure 
(Beach et al., 2008, Endris and Berrsche, 1985, Karkhanis and Franklin, 2009, Muller et al., 1998, 
Shipman et al., 1984). The description and approach to determine matching colours is highly 
subjective and dependent on various external factors, such as the positioning of the observer or the 
illuminant. Therefore, a more standardised and objective way to document and compare these colour 
alterations using quantitative colorimetric measurements of calibrated digital photographs was tested. 
The usage of the Gretag Macbeth Color Checker Chart in combination with the ‘Chart White Balance’ 
plugin (van der Haeghen and Naeyaert, 2006) ensured an appropriate and repeatable calibration tool. 
Nonetheless, shadows caused by the curvature of the tooth surface, reflections caused by glossy 
surfaces, superficial cracks and fractures may also influence the colour analysis. A colour reduction of 
the original images was necessary to facilitate the computational analysis of the images. 
Representative colour palettes containing 16 colours per experimental group were computed, which 
showed similar trends in colour entropy as the original images (Figures 4.6 and 4.7).  
One of the aims of the quantitative colorimetric measurements was to create improved colour palettes 
that could be used in daily forensic practice or as part of archaeological excavations to determine the 
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temperature range of heat-affected teeth. Analysing colours from calibrated photographs proved to be 
a practical way of quantitatively determine heat-induced colour alterations; however the significant 
influence due to duration heating regime did not allow clear distinction of temperatures. That indicates 
temperature specific colour palettes should only be used with precaution. Although upon visual 
inspection certain temperature-dependent trends in colour changes were observed, the currently used 
computational analysis did not reveal these sufficiently (e.g. differences in brown tones at 500 and 
600°C). Previous studies using the ‘Munsell Soil Colour Chart’ or similar colour catalogues, or other 
colorimetric approaches (digitalised photographs, flatbed scanners, spectrophotometry) to correlate 
surface colour alterations with temperature ranges were solely based on one duration at the individual 
temperature steps (Beach et al., 2008, Endris and Berrsche, 1985, Fereira et al., 2008, Karkhanis and 
Franklin, 2009, Shipman et al., 1984, Walker et al., 2008). The colour entropy in the 15 to 45min 
constant exposure groups at and above 500°C indicated more homogeneous colour changes. 
Nonetheless, only aforementioned general trends were found in the hierarchical cluster analysis 
providing a rough estimation of a cremation temperature range, and are not suitable for precise 
temperature estimation.  
Overall, the observations of surface colour alterations indicate that the tissue temperature may play a 
more important role than the temperature of the surrounding air. This would also explain why the 
protection by oral soft tissue and the alveolar bone socket cause a non-uniform colour appearance of 
the heat-affected teeth by hindering the heat transfer towards the dental tissue (Lain et al., 2011). In 
order to further understand the influence of temperature, duration and heating regimes on surface 
colour alterations, investigations using constant exposure times below 5min are proposed. Moreover, 
the role of the furnace used (i.e. the size of the heating chamber), the presence of contaminants or fire 
accelerants as well as other external factors (e.g. oxygen availability) and their influence on the surface 
colours still needs further investigation. Advanced analytical approaches using more elaborate 
methods of cluster analysis might additionally be useful to classify the colours in a different way, 
revealing more specific colour patterns. 
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7.5. Shrinkage 
 
In addition to morphological, compositional and colour alterations, heat-induced shrinkage has also 
been previously reported for teeth (Maples and Browning, 1995, Norrlander, 1995, Shipman et al., 
1984). Whilst the rate of shrinkage for heat-affected bone has been previously investigated, no precise 
quantitative data on the dimensional changes of human teeth has been available (Großkopf, 2004, 
Wahl, 1982). The results regarding the volumetric shrinkage of dentine indicated that minor 
dimensional changes already occurred at 400°C (4.8%), with a major increase between 700 and 800°C 
(11.5 to 24.2%). The initial shrinkage at 400 and 500°C (4.8 to 5.9%) is possibly caused by the heat-
induced dehydration and initial loss of the organic matrix that contains the HAp crystals. Between 500 
and 700°C (5.9 to 11.5%) the shrinkage is likely to be related to a combination of the destruction of 
organic structures and dimensional changes of the crystalline structures, whilst above 700°C (24.2 to 
32.5%) sintering and re-crystallisation of HAp crystallites leads to major dimensional changes 
(Shipman et al., 1984, Thompson, 2005). Although the in situ X-ray scattering experiment indicated 
that crystallite dimensions in dentine started to increase between 470 and 500°C, the effects only 
became measurable at a microscopic level at higher temperatures. It could also be shown that in the 
700 and 900°C overnight groups a prolonged exposure to elevated temperatures led to a significantly 
increased rate of shrinkage (Figure 5.4). In contrast, at 400°C the overnight cooling did not lead to 
changes in the shrinkage rate. Additional research is needed to clarify what influence prolonged 
durations of heat exposure would have on the rate of shrinkage between 500 and 700°C. 
Literature values on the heat-induced shrinkage of bone range between 0.5 and 27% (Buikstra and 
Swegle, 1989, Großkopf, 2004, Thompson, 2005, Ubelaker, 2009). This large variation might be 
possibly due to the fact that previous authors did not clearly disclose whether 3-D (volumetric) or 2-D 
shrinkage had been reported. Whilst the volumetric shrinkage for teeth ranged from 4.8 to 32.5%, the 
corresponding 2-D shrinkage was only between 2.8 and 10.2%. The documentation of dental 
shrinkage at temperatures as low as 400°C can be attributed to the more precise nature of the micro-
CT approach, as earlier studies assessed shrinkage of bone only using calliper measurements (Shipman 
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et al., 1984, Thompson, 2005). Nevertheless, similar to bone (Thompson, 2005), major dimensional 
changes were associated with temperatures around 800°C. In the last few years micro-CT has been 
increasingly used in forensic sciences (Baglivo et al., 2013, Chang et al., 2000, Rutty et al., 2013, 
Thali et al., 2003). Clinical CTs have been recently used by Bassed and Hill (2011) to estimate the 
dental age of fire victims, however the current resolution (voxel size of 1mm) and the lack of metal 
artefact reduction algorithms prevent a detailed analysis of dental morphology. Woisetschläger et al. 
(2011) used a high-resolution CT (voxel size of 0.1mm) to analyse alterations in grey values of filling 
materials and dental tissues of isolated human teeth. The findings of these two studies suggest that 
high-resolution CTs could be useful for the identification of fire victims. Although high-resolution 
CTs would also be able to detect dimensional changes at elevated temperatures, currently only micro-
CT offers a sufficient resolution to analyse the precise shrinkage rate and morphological alterations. 
Nonetheless, the gold standard for fire victim identification remains comparative dental radiography 
using panorama, bite wing or single radiographs. The intention of evaluating the rate of shrinkage was 
also to clarify the implications for the daily forensic practice (Bernstein, 1998, Bush and Bush, 2011, 
Chang et al., 2000, Hill et al., 2011b, Lain et al., 2011, Merlati et al., 2004, Savio et al., 2006). 
Overall, the results of the present work show that shrinkage below 800°C is very small (2-D shrinkage 
≤5.1%), and is unlikely to be detectable on standard digital radiographs. At temperatures associated 
with predominant light grey/white discolouration (≥800°C), shrinkage becomes visible in digital 
radiographs and should be implemented into the standard procedure for the identification of heat-
affected dental remains (Fairgrieve, 2008). 
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7.6. Crystalline alterations 
 
The quantitative analytical approach based on synchrotron radiation, combining SAXS and WAXS 
allowed the determination of the local crystalline alterations in a tooth cross-section rather than a 
volume-weighted averaged measurement of pulverised samples. In general, the heating process led to 
a variation in mean crystallite thickness, alignment and shape in dental tissues. Only a small variation 
in the SAXS/WAXS measurements in longitudinal line scans as well as the grid mapping was found, 
indicating a relatively uniform thermal behaviour of the samples. This may be attributed to the 
dimensions of the tooth sections (0.5 to 1mm thickness) and chosen heating protocol. Entire teeth are 
expected to exhibit a non-uniform thermal diffusion (i.e. temperature gradient from surface to pulp 
cavity) and therefore may show spatial variation in heat-induced crystalline changes.  
Due to the limited size of the detector used, only the (002) peak data could be interpreted, which has 
been previously associated with the diffraction by HAp crystallites (Reyes-Gasga et al., 2008). At 
lower temperatures (400 to 600°C) no significant changes in the (002) peak were observed in dentine. 
The predominant loss of the organic matrix which supports the mineral phase led to a higher degree of 
perfection of the HAp crystallites between 700 and 800°C, visible as sharper and stronger peaks. At 
and above 800°C sintering of the crystallites led to a significant growth and sharpening of the WAXS 
peaks. Similar phenomena have been reported for XRD heating experiments on animal bone and teeth 
(Greenwood et al., 2012, Hiller et al., 2003, Piga et al., 2009, Rogers and Daniels, 2002, Shipman et 
al., 1984).  
Besides the sintering of the crystallites, a mineral phase change from HAp [Ca5(PO4)3(OH)] to TCP 
[Ca3(PO4)2] has been reported in XRD studies of bone heated at 900°C (Beckett et al., 2011, 
Herliansyah et al., 2009). The ex situ synchrotron X-ray scattering experiment did not reveal a mineral 
phase change in dentine or enamel when heated for 30min at 900°C, possibly relating to the high 
dependency of the mineral phase change on the sintering temperature and duration of heat exposure 
(Hiller et al., 2003, Reyes-Gasga et al., 2008). 
  
132 
 
Crystalline degree of alignment 
In accordance with earlier SAXS results, the control samples  showed a more disordered orientation of 
HAp crystallites in dentine than enamel (Jiang et al., 2005). The longitudinal line scans as well as the 
grid mapping of the ex situ samples showed a tissue-dependent variation in the degree of alignment. A 
major drop in the alignment was observed in the dentine adjacent to the dentine-enamel junction, 
whilst in the deeper dentine, the degree of alignment appeared less variable. This observation can be 
related to the gradient properties of dentine reported by Tesch et al. (2001) and can be explained as the 
optimisation of the mechanical functions of dentine (Marten et al., 2010). The gradual disappearance 
of the organic matrix may explain the decrease of the degree of alignment, where a trend towards more 
random orientation with increasing temperatures was found in dentine and enamel. The overall 
reduction of the degree of alignment in dental tissues during the heating process may be associated 
with the arrangement of the crystallites, as well as the changes in crystallite dimensions and shape at 
elevated temperatures (Greenwood et al., 2012, Hiller et al., 2003, Pramanik et al., 2013).  
The real-time synchrotron SAXS experiments showed a stable degree of alignment ranging from room 
temperature up to 280°C in dentine, corresponding to the absence of crystallite rotation or growth. 
Once the organic components degraded (280 to 370°C), a small increase in the crystalline degree of 
alignment was noted in dentine. This temperature range also reflected in a slight increase of mean 
crystallite thickness, which may correspond to a gradual expansion of organic matrix leading to a 
compression of the crystal structure (Sui et al., 2014b). Between 370 and 700°C the degree of 
alignment decreased slowly, most likely due to the gradual loss of supporting organic components. 
Above 700°C the predominant loss of the structural organic components caused the collapse and 
rearrangement of crystallites, which might be associated with rotations and the anisotropic (i.e. non-
uniform) sintering of hydroxyapatite crystallites. 
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Crystallite shape 
The changes of crystallite shape were determined using SAXS data interpretation. At room 
temperature, dentine showed a needle-like morphology, gradually increasing to more platelet-like at 
400 to 500°C and finally to a polydisperse morphology at 600 to 900°C. In contrast to dentine, enamel 
showed polydisperse morphology in all test groups (RT to 800°C). The precise polydisperse crystallite 
morphology that was found at elevated temperatures could be determined by the simplistic needle or 
platelet model used in this study (Hiller et al., 2003). The heat-induced shape changes of HAp 
crystallites were previously shown in a transmission electron microscopy (TEM) study by Reiche et al. 
(2002). Although on a different scale, the shape alterations are also in accordance with SEM results 
showing more complex appearance of the crystals and sintering of the mineral structure above 700°C 
(Holden et al., 1995, Shipman et al., 1984). 
Mean crystallite thickness 
The mean crystallite thickness of the control samples is consistent with previously reported TEM and 
XRD results (Piga et al., 2009, Reiche et al., 2002). The SAXS-derived increase of the mean crystallite 
thickness was found to be 2.8-fold in dentine (RT to 900°C) and 1.4-fold (RT to 800°C) in enamel. 
These results were emphasised by the corresponding WAXS data derived from the width at half 
maximum (FWHM) variation ratio. This ratio indicated that crystallites appear 3.3-fold larger in 
dentine (at 900°C) and 1.3-fold larger in enamel (at 800°C) compared to the control sample. In 
general, the small increase in mean crystallite thickness for enamel may be due to a more dense 
arrangement of hydroxyapatite crystallites compared to dentine, allowing only a limited increase in 
size. A 3.7-fold increase of average crystallite size (RT to 900°C) was previously reported when 
analysing pulverised teeth using XRD, however the independent contributions of dentine and enamel 
were not taken into account (Piga et al., 2009). In bone, previous SAXS studies indicated a 5 to 10.7-
fold increase of mean crystallite thickness between room temperature and 900°C (Etok et al., 2007, 
Hiller et al., 2003). These discrepancies may be related to the structural difference between bone and 
  
134 
 
dental tissues, prolonged heat exposure used in these studies (45min to 6h) as well as grinding as part 
of the sample preparation process (Etok et al., 2007, Hiller et al., 2003, Piga et al., 2009). 
The real-time synchrotron SAXS measurements provided a further understanding of the thermal 
kinetics, as it allowed documenting a complete and continuous evolution of the crystalline structure 
during the heating process. Moreover, the influence of the heating regime on the mean crystallite 
thickness could be evaluated. A temporal increase of the mean crystallite thickness was observed 
between 325 and 375°C which may be due to a gradual expansion of organic components leading to a 
compression of the crystallites (Sui et al., 2014b). A steep increase in mean crystallite thickness was 
observed between 470 and 500°C with maxima found between 770 and 820°C, which were 
independent of the heating protocol. Overall, a 2.6 to 3.5-fold increase of the mean crystallite 
thickness between RT and 900°C was observed, confirming the results of the ex situ synchrotron X-
ray scattering experiment. To keep the real-time results comparable to ex situ results, a constant 
volume fraction was considered. The volume fraction describes the fraction of particles within the 
volume created by the X-ray beam transmitting through the sample. However, as the TGA, FTIR and 
micro-CT experiments indicate, the volume fraction is likely to change due to the loss of organic 
constituents, sintering of the crystallites and overall shrinkage of dentine. By using a refined analytical 
approach and advanced computational model, a more detailed understanding of the heat-induced 
changes of the crystallite size could be computed which would lead to a creation of reference values 
for heat-affected dental tissues(Sui et al., 2014b). 
Overall, the synchrotron-based SAXS/WAXS experiments support previous lab-based studies that 
characterised the heat-induced alterations of crystallite size in archaeological and experimentally 
altered animal bone and teeth (Etok et al., 2007, Hiller and Wess, 2006, Piga et al., 2009). Moreover, 
the results of the present work emphasise the need to investigate bone and dental tissues separately, as 
they appear to react differently on a crystalline level (Greenwood et al., 2012, Hollund et al., 2013, 
Piga et al., 2008, Shipman et al., 1984). 
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The overall aim of the present work was to investigate the influence of duration of heat exposure and 
heating regimes regarding the macroscopic, compositional, structural and crystalline alterations of 
dental tissues, which was addressed with a range of combined novel analytical approaches. 
 
The investigation of heat-induced destruction of organic components using high-precision 
measurements of weight loss and compositional alterations revealed a strong dependency on the 
duration of heat exposure and the heating regime. This dependency was also reflected in the variation 
of surface colour alterations. Below 800°C, the duration of heat exposure strongly influenced the 
surface colour alterations. Walker et al. (2008) have previously showed that a combination of multiple 
conditions in the cremation environment (e.g. duration, temperature  and oxygen availability) 
determine the extent of the surface colour alterations. Additional factors, such as the fast increase or 
fluctuation of temperature as well as the presence of contaminants are likely to have effects on the 
surface colour alterations of dental tissues. Overall, as established here by quantitative colorimetric 
measurements, surface colour alterations are assumed to be of minor value for forensic investigations 
as only rough estimations of the cremation temperature range can be achieved. 
A more precise determination of the cremation temperature is possible using the analysis of crystalline 
alterations of hydroxyapatite. A temperature-dependent increase of the mean crystallite thickness of 
HAp in dentine and enamel was found to start around 500°C, independently of the chosen heating 
regime. Whilst the access to synchrotron facilities is limited for routine forensic work, especially the 
mean crystallite thickness results can also be utilised as reference values for the more commonly used 
lab-based XRD and SAXS approaches. This would benefit the examination of isolated dental remains 
to determine the circumstances of cremation during forensic investigations. For example, wooden 
campfires do normally not reach more than 700°C, so if an increased crystallite size this could mean 
that fire accelerants might have been used during the attempt to dispose a body.   
The combination of real-time analytical approaches also gave an insight into the kinetics of the heating 
process. The gradual degradation of carbonates derived from the structural organic components caused 
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a dark grey/black discolouration around 400°C and are also believed to cause some initial shrinkage. 
Between 400 and 500°C the differential expansion of the denaturing organic material in combination 
with initial shrinkage, is likely to lead to the failure of the dentine-enamel junction. Finally, the 
combination of crystalline alterations and loss of organic constituents led to an increased rate of 
shrinkage between 700 and 800°C.  
The results of the present work also gave important implications for the daily forensic practice of fire 
victim identification. The heat-induced dehydration and loss of organic constituents led to a fragile 
nature of the teeth that required careful handling. It was found to be pivotal to follow the guidelines 
given by Hill et al. (2011b) to preserve dental structures. The experimental results showed the 
principal loss of organic constituents between 660 and 825°C, reinforcing the importance of 
comparative dental radiography for fire victim identification. The ‘popping off’ of the enamel 
necessitates focussing on other morphological features found in panorama, bite wing or single 
radiographs. Although cracks and fractures occurred, the root curvature and pulpal morphology was 
overall well preserved at elevated temperatures. Predominately light grey/white discolouration 
(≥800°C) can also be associated with the visibility of shrinkage in digital radiographs. As comparative 
radiography forms a cornerstone of fire victim identification, the rates of shrinkage should be kept in 
mind when matching antemortem dental records and postmortem findings during forensic 
investigations. 
Overall, the findings resulting from the present work have to be considered in the fire victim 
identification process and as they eventually facilitate the identification in cases where only dental 
remains are present. 
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Chapter 9 - Future Work 
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In previous studies, factors such as the protection of soft and hard tissues, fast increase of temperature, 
fast cooling due to fire extinguishing agents or the presence of contaminants have generally not been 
taken into account by lab-based research and it is possible that they might have important effects on 
the changes observed in dental tissues (Muller et al., 1998). Therefore, future research on this subject 
should primarily focus on the influence of further heating regimes (e.g. short heat exposures) and the 
presence of protective hard- and soft tissue to allow more precise conclusions regarding the 
characterisation of the associated alterations. 
Besides the investigation of the influence of external factors, further advances are likely to be made in 
the documentation and recovery of heat-affected dental remains. Recent studies by Waterhouse 
(2013a, 2013b) on the influences of weather factors on the post-burning fragmentation of skeletal 
remains imply the necessity for a careful and prompt recovery of dental remains. Although recovery 
protocols have been proposed, further studies on the optimisation of the stabilisation and 
transportation process could help to preserve dental material. Portable handheld X-ray systems (e.g. 
NOMAD Pro, Aribex Inc.) would be beneficial to document the dental remains already on-site. 
Moreover, 3-D laser scanning could be used to document the location of dental remains at crime 
scenes in order to reconstruct the circumstances of the heating event (Sandholzer et al., 2013). Due to 
the wide availability, conventional radiography will always be a cornerstone of dental identification, 
nonetheless over the next decades CT imaging is likely to gain importance for the dental identification 
of fire victims. Mobile CT scanner units, which already form part of the equipment of disaster victim 
identification teams, could additionally help to document human remains and support the 
identification process (Bassed et al., 2011, Bassed and Hill, 2011, O'Donnell et al., 2011, Rutty et al., 
2009). With an increasing number of medical and dental CT scans performed during the life time, 
computer assisted systems are likely to be used after disasters to facilitate victim identification 
(Campobasso et al., 2007). 
Technical innovations will further shed light on the heat-induced alterations in dental tissues and 
dental materials. A database of dental materials based on XRF and EDS measurements, as proposed 
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by Bush and Bush (2011), could support the identification process by providing reference values for 
dental materials used worldwide. Future research to study the preservation of proteins related to DNA, 
could be carried out by using HPLC or TGA-MS. These techniques would allow an insight into the 
components that are destroyed during the heating process and give a more detailed idea of DNA 
preservation. 
Moreover, synchrotron-based X-ray scattering has shown to be a viable approach to support the 
estimation of the cremation temperature. Lab-based SAXS/WAXS investigations using heating 
chambers would allow the usage of a larger sample size and provide an improved understanding on the 
effects of heat on the crystalline structures. Additionally, future developments in the setup for 
synchrotron-based investigations would allow further investigating of thermal crystallisation kinetics 
of dental tissues. For example, 3-D SAXS tomography could provide a more precise indication of the 
changes in crystal dimension, orientation and morphological alterations. 
Finally, future research should include the investigation of various external factors (e.g. soft and hard 
tissue protection, contaminants) and perform additional analytical experiments (e.g. high-speed X-ray 
filming, HPLC, MS-TGA, in situ SAXS/WAXS) to further understand the macroscopic, 
compositional, structural and crystalline alterations of heat-affected dental tissues. Such lab-based 
results should ideally be compared to dental remains derived from other experimental (e.g. crematoria-
based) studies and forensic settings. Ultimately, it is hoped that this will allow reconstructing the 
circumstances of the heating event and further facilitate the odontological identification process of fire 
victims. 
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11. 1. ImageJ/Fiji macros 
 
11.1.1. Create mask for uniform black background 
 
This Fiji macro creates a uniform black background to facilitate colorimetric image analysis. The 
original picture had a green background, a colour that was not present in the surface colour alterations 
and therefore could be used to produce a binary (i.e. black and white) mask (Figure 2.3).  
min=newArray(3); 
max=newArray(3); 
filter=newArray(3); 
a=getTitle(); 
run("HSB Stack"); 
run("Convert Stack to Images"); 
selectWindow("Hue"); 
rename("0"); 
selectWindow("Saturation"); 
rename("1"); 
selectWindow("Brightness"); 
rename("2"); 
min[0]=48; 
max[0]=130; 
filter[0]="pass"; 
min[1]=0; 
max[1]=255; 
filter[1]="pass"; 
min[2]=0; 
max[2]=255; 
filter[2]="pass"; 
for (i=0;i<3;i++){ 
  selectWindow(""+i); 
  setThreshold(min[i], max[i]); 
  run("Convert to Mask"); 
  if (filter[i]=="stop")  run("Invert"); 
} 
imageCalculator("AND create", "0","1"); 
imageCalculator("AND create", "Result of 0","2"); 
for (i=0;i<3;i++){ 
  selectWindow(""+i); 
  close(); 
} 
selectWindow("Result of 0"); 
close(); 
selectWindow("Result of Result of 0"); 
run("Erode"); 
run("Fill Holes"); 
rename(a); 
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11.1.2. Create colour palettes from *.txt files 
 
The following Fiji macro produces colour palettes based on a list of RGB values (saved as a tab-
delimited *.txt file). A set number (maximum: 256) of 8-bit images are created, and put together as a 
montage with parameters (e.g. number of columns/rows, size, border) as desired. Subsequently, the 
*.txt file is selected and the RGB values get set as colours for the individual tiles of the montage using 
the lookup table (LUT) function.  
 
newImage("Untitled", "8-bit Black", 300, 300, 6); 
for (i=1;i<=nSlices;i++){ 
 setSlice(i); 
 run("Set...", "value="+i-1+" slice"); 
} 
 
run("Make Montage...", "columns=1 rows=6 scale=1 first=1 last=6 increment=1 border=1 font=12"); 
getLut(reds, greens, blues); 
 
text = File.openAsString(""); 
  lines = split(text,"\n"); 
  text = "";   
nl=lines.length; 
for (i=1;i<nl;i++){ 
 rgb= split(lines[i], "\t");  
 reds[i]=rgb[0]; 
 greens[i]=rgb[1]; 
 blues[i]=rgb[2]; 
} 
setLut(reds, greens, blues); 
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11.1.3. Extraction of colour entropy from RGB images 
 
This ImageJ macro was written by G. Landini and allows the extraction of the colour entropy from 
RGB images. The RGB value of each individual pixel of an image is recorded, and combined with the 
information of the area of an image size (i.e. number of pixels) to finally calculate the colour entropy 
as outlined in Chapter 2.8.1. 
 
hist=newArray(16777216); 
h=getHeight(); 
w=getWidth(); 
 
for (y=0;y<h;y++){ 
  for (x=0;x<w;x++){ 
       p=getPixel(x,y); 
        i=(p&0xff0000)+(p&0x00ff00)+(p&0x0000ff); 
        hist[i]=hist[i]+1; 
  } 
} 
 
pix=w*h; //number of pixels in image 
log2=log(2); 
 
s=0; 
for (i=0;i<16777216;i++){ 
  if(hist[i]>0) { 
      // avoid log(0) 
      p=hist[i]/pix; // probability of colour j 
      s=s+(p*(log(p)/log2)); 
  } 
} 
print ("Entropy: "+(-s)); 
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Introduction: The most reliable and frequently applied method for identiﬁcation of ﬁre victims is
comparative dental radiography. Forensic investigators are often confronted with fragmented and
isolated remains, frequently removed from their anatomical position. Whilst the heat-induced dimen-
sional and morphological changes in bone have been previously studied, precise data for heat-induced
changes of human teeth is still lacking.
Objective: The aim of this study was to obtain quantitative micro-CT data to evaluate the three-
dimensional shrinkage and shape preservation of human teeth to provide an improved understanding on
heat-induced alterations of dental tissues.
Materials and methods: High-resolution micro-CT scans and digital radiographs were carried out on 66
freshly extracted human teeth before and after 30 min exposure to temperatures of 400–1000 1C. Image
analysis was performed using 3D Slicer and Fiji imaging packages.
Results: The average volumetric shrinkage ranged between 4.78% (at 400 1C) and 32.53% (at 1000 1C).
A major increase in shrinkage occurs between 700 1C and 800 1C, while no signiﬁcant statistical
difference (ANOVA post-hoc LSD, αo0.05) was found between lower temperature groups. Tooth
morphology was generally well preserved even at high temperatures, in contrast to observation made
for burned bone, where warping and strong deformation can occur.
Conclusions: The results of this micro-CT study add relevant information on shape preservation and
allow forensic investigators to account for heat-induced alterations of size, eventually facilitating the
odontological identiﬁcation process in cases where only isolated teeth or dental fragments are present.
& 2013 Elsevier Ltd. All rights reserved.
1. Introduction
Radiological imaging plays a vital role in the identiﬁcation
process of deceased persons [1–4]. The most reliable and fre-
quently applied radiologic method for identiﬁcation in cases
involving high temperature exposure is comparative dental radio-
graphy, which compares features of the dentition (e.g. missing
teeth, pathologies and restorations) between ante-mortem and
post-mortem dental radiographs [5–7]. Burned human remains are
often found after natural disasters, airplane crashes or house ﬁres,
as a result of either direct contact with open ﬂames or the
exposure to high temperatures [5,6,8]. The positive identiﬁcation
and investigation of severely burned human remains requires
careful examination, forensic experience and excellent skills in
comparative dental anatomy [5].
Since the thermal stress or the surrounding environment
(e.g. destroyed airplane, collapsed building) can lead to extreme
fragmentation of the skeletal remains, forensic investigators are
often confronted with isolated teeth or fragments thereof [5,9].
Posterior teeth tend to be better preserved than anterior teeth
due to their size and the heat protection, offered by layers of
skin, mucosa, muscle and fatty tissue and are therefore more
likely to be used in the odontological identiﬁcation process [6].
It has been reported that teeth shrink due to the heat exposure
and are therefore often removed from their anatomical position
[5,8]. However, whilst heat-induced dimensional changes in
animal and human bone have been previously studied, there is
no precise data available for the heat-induced dimensional
changes of human teeth [10,11]. Therefore, the ﬁrst aim of this
study was to evaluate the volumetric heat-induced shrinkage
for a variety of temperatures found in possible archaeological
and forensic scenarios by means of quantitative X-ray micro-
tomography (micro-CT).
High-resolution CT imaging has become of increasing impor-
tance in forensic radiography [1,12–14]. Recently, Woisetschlä-
ger et al. reported on the speciﬁc heat-induced alterations of HU
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values in dental tissues and a number of restoration materials
analysed with high-resolution CT, providing important informa-
tion on the characterisation of ﬁlling materials exposed to heat
[15]. However, with increasing trends in oral health, growing
numbers of patients have low incidence of caries and conse-
quently lack restorations, so other features, like the external
enamel shape and root morphology need to be considered in the
ante-mortem–post-mortem comparison [6,7]. Merlati et al. [16]
indicated the importance of qualitative aspects of structural
features for positive dental identiﬁcation, emphasising tooth
morphology as a very signiﬁcant characteristic. In animal and
human bone heat-induced warping and deformation can occur
at higher temperatures, whilst the extent of morphological
changes in human teeth over a large range of temperatures
has not been previously evaluated [10,11,16–18]. Therefore, the
second aim of this study was to look at shape preservation of
dental tissues after exposure to high temperatures, which can
add relevant information for comparative dental radiography of
isolated teeth and fragments.
2. Material and methods
2.1. Human teeth sampling and preparation
A total of 66 (33 premolars, 33 molars) freshly extracted sound
human teeth (ethical approval obtained from the National
Research Ethics Committee; NHS-REC reference 09.H0405.33/
Consortium R&D No. 1465) were disinfected and cleaned to
eliminate residues. Fifty-six teeth were subdivided into seven
different temperature groups (400 1C–1000 1C in steps of 100 1C),
with 8 teeth each (4 PM, 4 M). Ten teeth (5 PM, 5 M) were burned
at 900 1C for further analysing shape alterations at high tempera-
tures. A Carbolite ashing furnace AAF 11/3 (Carbolite, Shefﬁeld,
United Kingdom) was used to simulate the thermal stress. The
teeth were exposed to the various high temperatures for 30 min
and subsequently cooled down to room temperature according to
earlier publications [17,18].
2.2. Standard X-ray protocol
Digital radiographs were taken of 10 teeth before and after heat
exposure at 900 1C using a customised Kodak 2100 Intraoral X-ray
system (Carestream Health Inc., Rochester, NY, USA) using 60 kV
voltage, 7 mA current and 0.1 s exposure time. The setup allowed
ﬁxed object-detector distance and size calibration was performed
using high-precision ball bearings.
2.3. Micro-CT protocol
The pre- and postscans of 56 teeth were carried out with a
SkyScan 1172 micro-CT scanner (SkyScan, Kontich, Belgium) at
13.5 mm resolution using 80 kV voltage, 100 mA current and a
0.5 mm Aluminium ﬁlter. The resulting slices were reconstructed
with SkyScan's NSRECON package using a uniform attenuation
coefﬁcient.
2.4. Image analysis
Following the reconstruction the micro-CT image stacks were
converted and a 3-D fast rigid registration of pre- and postscans was
performed using 3D Slicer version 3.6.4 (available online: http://
www.slicer.org) [19]. After the manual determination of the region of
interest (ROI) the registered image stacks were cropped, the images
binarised by using the same thresholding values [20] and the
resulting values exported to SPSS version 19 (IBM SPSS Inc., Chicago,
USA) for further statistical analysis. Three-dimensional models were
produced using the Fiji imaging package [20].
2.5. Statistical analysis
The computed differences of the pre- and postscan volumes
were statistically analysed with a student t-test, a one-way
analysis of variance (ANOVA) and post-hoc Least Signiﬁcant
Difference (LSD) tests using SPSS version 19. Signiﬁcance levels
of po0.05 (95% conﬁdence interval) were used as an index of
statistical signiﬁcance.
3. Results
3.1. Macroscopic evaluation
A progressive, temperature-dependent shift from a natural
colour to predominantly black/dark brown (400 1C), brown (500–
600 1C), greyish-blue (700 1C), light grey (800 1C), chalky-white
(900 1C) and patches of white, black and pink (1000 1C) was
observed (see Fig. 1).
The enamel was fully preserved and attached to the dentine in
the 400 1C group, partially separated from the coronal dentine or
fragmented between 500 1C and 700 1C and fully separated and
fragmented in all teeth ≥800 1C. At temperatures ≥500 1C, the
teeth became more fragile, with visible crack formation and
fragmentation within the dentine.
3.2. Radiological evaluation
In all teeth of the lower temperature groups (≤600 1C) the
micro-CT sections showed multiple small cracks in the apical
Fig. 1. Heat-induced colour alterations. Progressive, temperature-dependent shifts from a natural colour to black/dark brown (400 1C), brown (500–600 1C), greyish-blue
(700 1C), light grey (800 1C), chalky-white (900 1C) and white/pink (1000 1C). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the
web version of this article.)
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dentine and cementum as well as single larger longitudinal cracks.
At higher temperatures (700 1C–1000 1C) multiple larger long-
itudinal and numerous transversal cracks were visible in the
dentine, mainly deriving from the canals and the pulp chamber
(see Fig. 2).
3.3. Shape preservation
Shape preservation of the dentine was investigated using
digital radiographs, cross-sectional micro-CT images and 3D mod-
els of the co-registered pre- and postscans. Although fragmenta-
tion and cracks at elevated temperatures often affected the pulp
chamber and root canals, the shrinkage can be described as
uniform and overall tooth morphology was well preserved (see
Figs. 3 and 4, Electronic Supplementary Material 1). Minor heat-
induced contraction ≥800 1C of the distal portions of the roots was
found in the micro-CT models, but was generally not identiﬁable
on the standard digital radiographs.
Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.jofri.2013.05.003.
3.4. Shrinkage evaluation
In total, 56 teeth were included in the statistical data analysis
(Table 1). A student's t-test showed no statistical difference between
the dentinal shrinkage of premolars and molars (p¼0.737).
To prevent a false-positive inﬂuence of broken coronal
dentine on dentinal shrinkage the analysed ROI was limited to
non-fragmented dentine parts. A minimum of 400 slices (equal
to 5.4 mm) of the corresponding pre- and postscans were
included in the analysis and no statistical difference between
number of analysed slices and dentinal shrinkage was found
(p¼0.396). Pearson's correlation coefﬁcient demonstrated a
clear correlation between temperature and dentinal shrinkage
at the 0.01 level (adjusted R2¼0.859). The average shrinkage
ranged between 4.78% (at 400 1C) and 32.53% (at 1000 1C) (see
Table 1).
Fig. 2. Micro-CT cross-sections of premolars of the 400,700 and 900 1C group. Visualisation of the dentinal volume loss using the registered pre- and postscans sections
(left) and cross-sections in the apical (middle) and coronal dentine (right). (A) 400 1C: cross-sections of the root show multiple small cracks in the dentine and
cementum. Single bigger cracks in the crown region and detachment of the crown alongside the dentine–enamel border. Shrinkage: 4.7870.80%, (B) 700 1C: cross-
sections of the root show multiple bigger longitudinal small cracks in the dentine and cementum as well as multiple transversal cracks coming from the canals and
pulp chamber. Partial or full detachment and fragmentation of the crown. Shrinkage: 11.5371.53%, and (C) 900 1C: cross-sections of the root show multiple cracks and
longitudinal fractures in the dentine and multiple transversal cracks coming from the canals and pulp chamber. Full detachment and fragmentation of the crown.
Shrinkage: 27.5074.35%.
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Highly signiﬁcant differences in the dentinal shrinkage were
present in higher temperature groups, whilst no signiﬁcant statistical
difference was found between lower temperature groups (400 1C vs.
500 1C (p¼0.642); 500 1C vs. 600 1C (p¼0.073); 600 1C vs. 700 1C
(p¼0.060)).
4. Discussion
4.1. Macroscopic results
Factors such as the presence of soft tissue, fast increase of
temperature, fast cooling due to ﬁre extinguishing agents or the
presence of contaminants have generally not been taken into
account by lab-based research, although they might also have
important effects on the appearance of hard tissues [6,10]. To
ensure the comparability of the results, the selected temperatures,
heating regimes and durations were matched to previous studies
[17,18]. The macroscopic results, i.e. surface colour alteration and
Fig. 3. Comparative 3-D models indicating shape preservation after exposure to elevated temperatures (700–1000 1C). Visualisation of dentinal volume loss using registered
micro-CT pre-and postscans at 700 1C (A), 900 1C (B) and 1000 1C (C) indicating good preservation of tooth morphology.
Fig. 4. Corresponding digital radiographs indicating dentinal shrinkage and shape
preservation of molars and premolars. Complete fragmentation of the crown and
partially broken dentine with multiple cracks present after constant exposure at
900 1C for 30min.
Table 1
Mean dentinal volume shrinkage at seven temperatures (400 1C–1000 1C) after
constant exposure of 30 min. The mean difference of dentinal shrinkage is
signiﬁcant for higher temperatures (ANOVA post-hoc LSD test, 95% conﬁdence
interval).
Temperature (1C) Shrinkage (% 71 SD)
400 4.7870.80
500 5.9471.36
600 8.6670.83
700 11.5371.53n
800 24.2074.23nnn
900 27.5074.35n
1000 32.5375.35nn
n po0.05.
nn po0.005.
nnn po0.0005.
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crown detachment, correspond with previous observations of
isolated unrestored human teeth exposed to high temperatures
[6,8,15–18].
4.2. Radiological results
As the enamel was partially or fully fragmented in the majority
of the teeth, this study has primarily focused on the shape
preservation and shrinkage of dentine.
A minor contraction of the distal portions of the roots is visible
in the high-resolution CT images at elevated temperatures
(≥800 1C), whilst the resolution of digital radiographs from various
angles has shown to be not sufﬁcient to visualise those small
shape changes. The good preservation of the tooth morphology is
somewhat different from the observation made for severely
burned bone, where warping and strong deformation can occur
[10,11]. This could be ascribed to the relatively isotropic distribu-
tion of the collagen matrix within teeth in comparison to bone
[10]. As the root morphology needs to be frequently considered in
comparative dental radiography, the good shape preservation after
exposure to high temperature could proof to be crucial for positive
identiﬁcation [16].
A summary of grouped results (Table 1) indicate a major
increase in shrinkage between 700 1C and 800 1C, which is
expected to be due to the complete loss of the organic content,
facilitating the sintering and recrystallisation of the hydroxyapa-
tite crystals [10,11]. Major dimensional changes in bone have also
been associated with temperatures around 800 1C, which corre-
spond with the results of this study [10]. The micro-CT results
indicate that volumetric shrinkage can already be documented at
temperatures as low as 400 1C, but this can be ascribed to the
more precise nature of the approach used, whilst earlier studies
assessed shrinkage of bone using calliper measurements [10,11].
In the last few years micro-CT has been increasingly used in
forensic sciences [2,3,12]. Although micro-CT provides high-
resolution data for image analysis, allowing the visualisation of
alterations of internal structures, teeth ﬁllings with metal compo-
nents are expected to lead to artefacts inﬂuencing the image
analysis [2]. Computed tomography has been recently used by
Bassed and Hill to estimate the dental age of ﬁre victims, however
its current resolution (voxel size of 1 mm) and metal artefact
reduction algorithms prevent a detailed analysis of morphology
[13]. Woisetschläger et al. used high-resolution CT (voxel size of
0.1 mm) to analyse alterations in HU values of ﬁlling materials and
dental tissues of isolated human teeth [15]. The ﬁndings of those
two studies suggest that high-resolution CTs could be used in the
future for the purpose of identiﬁcation of ﬁre victims. Those high-
resolution CTs would also be able to detect changes at higher
temperatures; nevertheless micro-CT was chosen in this study to
determine the precise rate of shrinkage and analysis of shape
changes over a large range of temperatures in sufﬁcient resolution.
However, the gold standard still remains comparative dental
radiography using panorama radiographs, bite wing or single x-ray
images and therefore the intentionwas to produce results that can be
translated into daily forensic practice [2,5–9,18]. The results of this
study implicate that shrinkage below 800 1C is practically negligible,
as it cannot or only hardly be detected in standard digital radio-
graphs. However, at higher temperatures which can be associated
with light grey and white discolouration (see Fig. 1 and [17]),
shrinkage is clearly visible in digital radiographs and this should be
vigilantly implemented into the standard procedure for the identi-
ﬁcation of burned dental remains proposed by Fairgrieve [21].
In conclusion, the ﬁndings of this study support earlier ﬁndings
on the macroscopic changes (surface colour alteration and crown
detachment), adding information on the speciﬁc dentinal shrink-
age and shape preservation over a large range of temperatures
found in possible archaeological and forensic scenarios. The
combination of knowledge on the progressive colour changes
and the results of micro-CT evaluation on the speciﬁc dentinal
shrinkage and shape preservation eventually facilitate the odon-
tological identiﬁcation process of ﬁre victims in cases where only
isolated teeth are present.
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Abstract 
Micro- and ultrastructural analysis of burned skeletal remains is crucial for obtaining a reliable 
estimation of cremation temperature. Earlier studies mainly focused on heat-induced changes in bone 
tissue, whilst this study extends this research to human dental tissues using a novel quantitative 
analytical approach. Twelve tooth sections were burned at 400-900°C (30min exposure, increments of 
100°C). Subsequent combined small and wide angle X-ray scattering (SAXS/WAXS) experiments 
were performed at the Diamond Light Source synchrotron facility, where 28 scattering patterns were 
collected within each tooth section. In comparison with the control sample, an increase of mean 
crystal thickness was found in burned dentine (2.8-fold) and enamel (1.4-fold), however at a smaller 
rate than reported earlier for bone tissue (5 -10.7-fold). The results provide a structural reference for 
traditional X-ray scattering methods and emphasize the need to investigate bone and dental tissues 
separately to obtain a reliable estimation of cremation temperature. 
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Introduction 
Burned human remains are frequently recovered from forensic settings and archaeological sites as a 
result of ritual cremations, natural disasters, accidents or crime (1-3). In general, skeletal hard tissues 
undergo macroscopic and microscopic alterations (2, 4), and a variety of factors (e.g. duration, 
temperature  and oxygen availability) in the cremation environment determine the extent of those 
alterations (5). A fire can cause a number of substantial alterations within skeletal hard tissues, but 
forensic analysis of burned human remains can give important information about the context and 
conditions of a fire (e.g. fire temperature, fire position or presence of fire accelerants) and eventually 
facilitates victim identification (6). While macroscopic alterations (e.g. surface colour) can be used to 
deduce an approximate temperature range, the investigation of the micro- and ultrastructural 
alterations of skeletal hard tissue exposed to high temperatures has proven to be crucial to get a 
reliable estimation of temperature (2, 6, 7).  
 
Multiple techniques have been used to investigate the micro- and ultrastructural heat-induced 
alterations of skeletal hard tissue, where the most frequently applied techniques are based on the 
absorbance spectra of infrared radiation (Fourier transform infrared spectroscopy, FTIR) or X-ray 
diffraction (XRD) (3, 6, 8-10). The crystallinity index (CI), frequently reported in literature and 
quantified by FTIR, XRD or Raman Spectroscopy, gives information about the mean changes in 
hydroxyapaptite (HAp) crystal size and microscopic structural order of tissue (7-9, 11, 12). However, 
the CI does not characterise individual crystal features (e.g. size, morphology) and may fail to 
describe adequately the complexity and heterogeneity of heat-induced processes. In particular, CI 
values can be influenced by sample preparation (10, 13, 14). Although recently improved FTIR 
approaches (9) and statistical methods for the comparability of CI results have been established (7), 
there have been ongoing debates on the general limitations and validity of CI measurements (6, 9, 10, 
14).  
 
  
 
X-ray diffraction/scattering (XRD or wide angle X-ray scattering, WAXS) of crystals is capable of 
showing distinct differences in crystal size and a sharpening of diffraction peaks at higher 
temperatures, enabling reliable temperature estimations (3, 9, 14).  
Beckett et al. (15) and Rogers et al. (10) reported a significant difference in HAp characteristics 
between animal and human bone mineral upon heating analysed with XRD, however those results 
have recently been contested (16). In general, XRD involves the grinding and chemically altering of a 
sample and subsequently obtaining a volume-weighted average result that does not provide local fine-
scale changes of skeletal ultrastructure (13). 
Most of the research to date has focused on the heat-induced compositional and structural alterations 
of bone tissue (13, 15), and there is only limited data about the changes in hard dental tissues (6). The 
ultrastructural changes of human bone and teeth using XRD, showed that crystallites derived from 
bone and dental tissue react differently to heat, implicating that those tissues have to be separately 
investigated when precise temperature estimation is desired (6). However, Piga et al. (6) pulverised 
entire teeth, neither taking into account a possibly non-uniform thermal treatment nor the 
ultrastructural differences of dentine and enamel (17).  
Small angle X-ray scattering (SAXS) provides information about the thickness, degree of alignment 
and shape of crystallites (18). Synchrotron-based SAXS/WAXS have been used for the investigation 
of local mineralized tissue ultrastructure, providing nano- and sub-nano-scale information at the 
spatial resolution required to simultaneously characterize and understand the internal architecture and 
hierarchical properties of materials (19). Synchrotron facilities allow simultaneous SAXS/WAXS data 
collection, whereas the combined approach allows a high throughput of samples within a short time of 
analysis and the identification of local ultrastructural alterations without grinding or chemically 
altering the sample. The obtained quantitative X-ray scattering information is the precise average 
within the illuminated volume projected along the X-ray beam direction, allowing more sensitive 
measurements of crystalline size, shape and orientation when compared with traditional XRD (18, 20).  
Hiller and Wess (18) and Etok et al. (4) successfully applied lab-based SAXS to characterise the heat-
induced alterations of crystalline size in archaeological and experimentally altered bone, however 
there is no SAXS data available for hard dental tissues. In this study an analytical approach, 
  
 
combining SAXS and WAXS is used to investigate the heat-induced alterations of dentine and 
enamel, in order to develop a structural reference for heat-affected dental tissues that can be useful in 
forensic investigations involving traditional methods. 
Material and Methods 
Four freshly extracted healthy posterior human teeth (ethical approval obtained from the National 
Research Ethics Committee; NHS-REC reference 09.H0405.33/ Consortium R&D No. 1446) were 
used to prepare 14 tooth sections according to Marten et al. (21), with the individual section 
dimensions of 3×1×0.5mm. Teeth were excluded from the study because of apparent damages (e.g. 
broken roots), endodontic treatments, dental restorations or caries. Twelve tooth sections were 
subdivided into six temperature groups for 30min constant exposure at 400°C-900°C (increments of 
100°C) in an ashing furnace (Carbolite AAF 11/3, Sheffield, United Kingdom), and two additional 
unheated sections were used as controls. The teeth were removed as the desired duration was reached 
and subsequently cooled down to room temperature.  
For the purpose of planning the exact measuring positions of the SAXS/WAXS, micro-CT scans of 
the samples were performed with a SkyScan 1172 scanner (SkyScan, Kontich, Belgium) at 1.9μm 
resolution using 80kV voltage, 120uA current and a 0.5mm Aluminium filter. The resulting slices 
were reconstructed with SkyScan NSRECON package and subsequently 3-D planning models were 
created with Fiji imaging software (22). 
The X-ray scattering experiment was carried out on the I22 microfocus SAXS beamline at Diamond 
Light Source (Oxford Harwell Campus, Didcot, UK) using a monochromatic beam (18keV) focused 
down to beam size of 14.5×19μm. The sample-detector distance was 1040mm, enabling the entire 
SAXS and a partial WAXS pattern to be captured on a 2-D Pilatus 2M detector (Dectris Ltd., Baden, 
Switzerland). Two longitudinal line scans with 14 scattering patterns each (3 in enamel, 11 for 
dentine) were collected in transmission mode from fixed locations within each sample (scan step 
100μm).  
Additionally, transverse line scans with 6 scattering patterns each were performed for selected 
samples of 400°C, 600°C and 800°C. 
 
  
 
SAXS data analysis 
SAXS data provides information about crystallite thickness, degree of alignment and shape. For an 
initial quantitative analysis 2-D diffraction images are converted into 1-D intensity profiles and pre-
processed using the Fit2D software package (23). 
Crystallite thickness 
In order to determine the mean crystal thickness, the scattering intensity ( , )I q ? was radially 
integrated around the entire range of the azimuthal angle ? to obtain the function of ( )I q , where q is 
the scattering vector.  
Based on Porod’s law, which is valid in a two-phase system, the Porod chord length T is defined as: 
                                       
4 QT
P??                                (Eq. 1)                 
where P is the Porod constant given by 4( )I q Pq?? (Porod’s law at large q range), which can be 
determined from the 4 4~Iq q plot, and Q representing the area integration of the 2 ~Iq q plot. T  is 
used as the definition of mean thickness without any assumption of the particle shape (13). However, 
for the special case of needle/platelet shape, T can be interpreted as an average measurement of the 
smallest dimension of crystallites. By taking further factors (e.g. volume fraction) into account, the 
actual thickness of the crystals can be calculated using the mean thickness results (24). 
Degree of alignment 
For evaluating particle orientation, the degree of alignment ? is used to describe the percentage of the 
aligned particles. In order to quantify the degree of alignment, the SAXS patterns were integrated 
along all concerned scattering vectors q.  
This results in a function ( )I ?  with the azimuthal angle ? , normally with two peaks upon a constant 
background (24, 25). The definition for the degree of alignment is: 
oriented
oriented unoriented
A
A A
? ? ?                                               (Eq. 2) 
  
 
where unorientedA  is the area of the constant background area accounting for the scattering from 
unoriented particles and orientedA  (resulting from scattering of oriented particles) depicts the total area 
of ( )I ? ~ ? subtracting unorientedA . The value of ?  ranges from 0 to 1, with 0? ? indicating no 
predominant orientation within the plane of the section and 1? ?  corresponding to a perfect alignment 
of all crystals (24, 25). 
Crystalline Shape  
In dental tissue two typical shapes of HAp are usually considered, needle-like shape and platelet-like 
shape (21). In a monodisperse system, the determination of crystalline shape can be directly obtained 
from the ( ) ~I q q  plot. The shape calculation is based on the cylindrical shapes (radius R and height 
H) assumption in random distribution, taking all orientations with equal probability (26). Especially 
for needle-like particles with infinitesimal transverse dimensions (R<<H), and for platelet-like shape 
particles with infinitesimal thickness (R>>H), the intensity can be simplified, as 1( ) ~avI q q
?  (for 
needle-like), and 2( ) ~avI q q
? (for platelet-like). Therefore, if the absolute value of the slope in the 
logarithmic format of ~I q  plot is close to 1, the particle has needle-like shape, whilst if it is close to 
2, the shape is platelet-like. Values  >2 correspond to a more polydisperse crystal morphology (18).   
WAXS data analysis 
Identical to XRD, the peaks in WAXS patterns are represented by separated rings with various width 
and intensity levels, containing characteristic information related to the crystal structure. The analysis 
of wide angle scattering patterns is performed using Bragg’s law, which establishes the relationship 
between the spacing of atomic planes in crystals and the scattering angle at which these planes 
produce intense reflections. 
                                 2 sinhkln d? ??                      (Eq. 3) 
where λ is the wavelength, hkld  is the interplanar distance between planes with Miller indices (hkl), θ 
is one half of the scattering angle and n is the order of the reflection. Each peak corresponds to a 
  
 
certain family of lattice planes within a certain crystallographic phase. Therefore, diffraction pattern 
analysis can be used to identify and quantify the crystallographic phases and structure parameters.   
A strong and distinct ring obtained from HAp (the main inorganic component of hard dental tissues) is 
that of the (002) lattice planes. The (002) reflection contains the information on the orientation of the 
principal axis (hexagonal c-axis) as well as the fibril orientation due to their parallel orientation (27). 
Based on the Scherrer Equation, the width of the peaks in the diffraction pattern is related to the 
mineral crystal, thus the length of the mineral particles can be derived from the WAXS patterns. 
                              
cos
kL
B
?
??                                  (Eq. 4) 
where L is the particle length, B is the full-width at half maximum (FWHM) of (002) peaks, which is 
contributed from both mineral structure, and instrument broadening. The factor k  is a constant related 
to the crystalline shape while ?  and ?  have the same as meaning as described above.  
 
Statistical Analysis 
The computed mean crystalline thickness were statistically analysed with two-tailed paired sample t-
tests using SPSS version 19 (IBM SPSS Inc., Chicago, USA). Probability levels of p<0.05 (95% 
confidence interval) were considered statistically significant.  
Results and Discussion 
Macroscopic and microscopic alterations 
To ensure the comparability of our results, the selected temperature range (400°C-900°C) and 
duration were matched to previous studies to include possible forensic and archaeological scenarios 
(6, 28).  
Additional factors such as the presence of soft tissues, fast increase or fluctuation of temperature or 
the presence of contaminants, have generally so far not been taken into account in lab-based research 
but they might also have some effects on skeletal hard tissues. Progressive, temperature-dependent 
shifts in colour from a yellowish/white (control) to dark brown (400°C), brown (500-600°C), dark 
grey (700°C), light greyish-blue (800°C) and chalky-white (900°C) in dentine were observed. In all 
  
 
burned samples the micro-CT models showed small cracks within the dental slices, while in groups 
treated at ≥700°C additional multiple larger longitudinal and numerous transversal cracks were visible 
in the dentine too. In contrast to observations made on entire teeth (6), where the enamel entirely lifted 
off at the dentine-enamel junction (DEJ) at ~700°C, the enamel was preserved in all our samples 
treated at ≤800°C, enabling the combined analysis of enamel and dentine. Although the exact 
mechanisms of the enamel shattering in teeth are unclear, the preservation in our samples can be 
ascribed to the small slice dimensions which might minimise heat-induced stress around the DEJ. 
Wide-angle X-ray scattering (WAXS) 
Due to the limited size of the 2D detector, only the (002) peak could be captured and analysed, which 
result from the diffraction by HAp crystallites. WAXS measurements revealed a variation of the peaks 
and Fig. 1 shows the results of the (002) reflection of dentine from a selected series of burned dental 
slices (400°C-900°C) as well as the control sample for a selected region of scattering angles (11.2-
11.5°). Increasing temperature leads to the disappearance of the organic components in between the 
mineral phase and a higher degree of perfection of the HAp crystallite can be observed, accompanied 
by further crystallisation of the amorphous part (3). In general, a sharpening of diffraction peaks at 
higher temperatures (800°C-900°C) can be observed in comparison to the control sample, indicating 
an increased diffraction contribution from larger particles as well as a peak separation appearing at 
900°C. Finally, at high temperatures (≥800°C) sintering of HAp crystallites leads to grain growth and 
improved crystal quality, resulting in significant growth and sharpening of the diffraction peaks (13).  
By fitting the peaks of the control and 900°C sample, a FWHM variation ratio of 0.13/0.039 (dentine) 
and 0.05/0.04 (enamel) could be shown; indicating in Eq.4 that the crystals appear 3.3-fold larger in 
dentine (at 900°C) and 1.3-fold larger in enamel (at 800°C) compared to the control sample. 
Small-angle X-ray scattering (SAXS) 
Table 1 summarises the mean crystalline thickness variation from a series of burned dental slices 
(400°C -900°C) and the control group. Fig. 2 shows the average value of 10 scanning patterns in 
dentine and 3 patterns in enamel. The mean crystalline thickness (T) of the control samples (2.01 ± 
0.09 nm) is consistent with earlier transmission electron microscopy (TEM) studies and XRD data (6, 
11). Whilst the SAXS-derived increase of the mean crystalline thickness in bones was reported earlier 
  
 
to be 5 to 10.7-fold at 900°C compared to the original crystal size (4, 13), it was found to be 2.8-fold 
in dentine (2.01nm (RT) to 5.58nm (900°C)) and only 1.4-fold (3.93nm (RT) to 5.34nm (800°C)) in 
enamel (for additional values see Table 1). Therefore, our results emphasize the need to separately 
investigate bone and dental tissues when precise temperature estimation is desired.  
A 3.7-fold increase of average crystalline size (RT to 900°C) was reported when analysing pulverised 
teeth with XRD (6), however the independent contributions of dentine and enamel were not taken into 
account.  
In general, the small increase in crystal size for enamel may be due to a more dense arrangement of 
HAp compared with dentine, allowing only a limited size increase. Overall, the results of mean 
crystalline thickness indicate the most influential structural changes occurred in dentine. The SAXS 
results reinforce a comparable increase of particle thickness, supporting the WAXS analysis derived 
FWHM variation ratio.  
Moreover, the mean crystalline thickness of dentine does not significantly vary in the transverse 
direction at any of the temperatures tested here, indicating a relatively uniform thermal treatment 
(p=0.875 for 400°C; p=0.274 for 600°C; p=0.097 for 800°C). The analysis of an intact dental slice 
enabled us to study possible local variations, however the analysis of variation in longitudinal and 
transverse direction indicating a uniform thermal treatment and behaviour of the samples. Teeth 
derived from a forensic setting or archaeological site are expected to have a non-uniform thermal 
treatment and show spatial variation in ultrastructural changes. This will likely affect the results of 
traditional X-ray scattering measurements, where a relatively large amount of powder is needed for 
analysis (6, 13). In order to document the spatial variation multiple measurements on a thin cross-
section of an entire tooth, ideally 2D SAXS/WAXS mapping, would be necessary. To overcome the 
issue of spatial variation within the sample and more accurately determine the maximum cremation 
temperature, XRD/SAXS/FTIR samples should generally be taken from the hard tissue surface. 
 
Fig. 3 and Fig. 4 show the variation in the degree of alignment determined by SAXS within the burned 
dental slices (400°C -900°C) as well as the control group, which is the average value of 10 scanning 
patterns in dentine and 3 patterns in enamel. 
  
 
The degree of alignment values range between 0 and 1, where 0 describes no predominant orientation 
with the plane of section whilst 1 indicates perfect alignment of all crystals (24). In the control sample, 
dentine (0.27) shows a more random orientation of HAp crystals than in enamel (0.64), consistent 
with earlier SAXS results of dental tissues (29). The overall degree of alignment of crystals in dentine 
decreases from 0.27 at RT to 0.15 at 900°C, while the degree of alignment in enamel dropped from 
0.64 at RT to 0.36 at 800°C indicating a more random orientation of the crystals as temperature 
increases (see Table 1). Gradual disappearance of the structural organic components may explain the 
decrease of the degree of alignment, where a trend towards more random orientation can be found in 
dentine and enamel as temperature increases. 
The degree of alignment might vary depending on the measurement location, and in order to obtain 
the complete three-dimensional information of the nanostructure multiple measurements, ideally under 
various rotation angles, would be necessary (20). A major drop in alignment is visible in the zone 
around the dentine-enamel junction (DEJ), whilst in the enamel and distant dentine the degree of 
alignment appeared less variable throughout all test groups (Fig. 3). This observation is in accordance 
with the gradient properties of human dentine reported by Tesch et al. (24) and can be explained as the 
optimization of the mechanical functions of dentine, which serves as a functional material (21).  
 
Fig. 5 shows the shape variation of the crystals within dentine and enamel determined by SAXS, and 
the absolute value of the slope in the logarithmic form of ( ) ~I q q  plot for dentine indicates a needle-
like morphology at RT (1.40), changing to a more platelet-like morphology at 400-500°C (2.03-2.19) 
and finally to a more complex (polydisperse) morphology at 600-900°C (3.53-3.22).  
The variation of the absolute value of the slope for enamel is limited, with the scattering results 
appearing polydisperse (2.77-3.27) in all test groups (see Table 1). The precise polydisperse crystallite 
morphology identified at higher temperatures cannot be determined by the simplistic needle or platelet 
model used in this study (13). Although on a different scale, the ultrastructural shape alterations are in 
accordance with electron microscopic results showing only small structural variance at lower 
temperatures and more a complex appearance >700°C (3). 
 
  
 
Conclusions 
A quantitative analytical approach based on synchrotron radiation, combined small and wide angle X-
ray scattering (SAXS/WAXS), was used to investigate the heat-induced ultrastructural alterations of 
dentine and enamel. In contrast to other previously used methods, this approach allows a non-
destructive analysis of entire samples to determine local alterations rather than a volume-weighted 
averaged measurement used in traditional X-ray scattering methods.  
 
The results indicate a specific temperature-dependent increase of the mean thickness of HAp crystals 
in dentine and enamel that can be used to determine a temperature range. Moreover, a decrease of the 
degree of alignment and change of crystalline shape, as well as greater crystal perfection with larger 
grain growth could be documented. Whilst the access to synchrotron facilities is limited for routine 
forensic work, the results of this study, especially the mean crystalline thickness, can be utilised in the 
more commonly used lab-based X-ray scattering analysis of burned human remains. Overall, a 
structural reference was developed for heat-affected dental tissues that can be useful in investigations 
of forensic and archaeological samples, once again emphasizing the need to separately investigate 
bone and dental tissues when precise temperature estimation is desired. 
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FIG. 1  WAXS results of the (002) reflection of dentine from a series of burnt dental slices 
(control, 400°C-900°C) for a selected region of scattering angles (11.2-11.5°). In general, a 
sharpening of peaks at higher temperatures (800°C-900°C) can be observed in comparison to 
the control sample, indicating an increased diffraction contribution from larger particles. The 
peaks at low temperatures appear not as smooth due to the influence from an organic phase, 
gradually decreasing and completely disappearing at between 700° and 800°C.   
 
 
 
 
 
 
 
  
 
 
 
 
FIG. 2 Variation of the mean crystal thickness in enamel and dentine determined by SAXS. 
Multiple measurements were taken in longitudinal direction, averaging the values of 10 
scanning patterns in dentine and 3 patterns in enamel. The mean crystalline thickness of 
dentine increases from 2.01nm at room temperature (RT) to 5.58nm at 900°C, and the mean 
crystalline thickness of enamel increases from 3.93nm at RT to 5.34nm at 800°C. Error bars ± 
1SD. 
 
 
 
 
  
 
 
 
 
FIG. 3 Representative variation of degree of alignment in enamel and dentine at room 
temperature (RT), 400° and 800°C. Longitudinal line scans with 13 scattering patterns each 
(3 in enamel, 10 for dentine) were collected in transmission mode from fixed locations within 
each sample (scan step 100 μm). A major drop in alignment is visible around the dentine-
enamel junction (DEJ, Measurement point 4-6), whilst in the enamel (Measurement points 1-
3) and distant dentine (Measurement points 7-14) the degree of alignment appeared less 
variable. 
 
 
 
 
 
 
  
 
 
 
FIG. 4 Variation of degree of alignment in enamel and dentine determined by SAXS. 
Multiple measurements were taken in longitudinal direction, averaging the values of 10 
scanning patterns in dentine and 3 patterns in enamel. The overall degree of alignment of 
crystals in dentine decreases from 0.27 at RT to 0.15 at 900°C, and the degree of alignment in 
enamel dropped from 0.64 at RT to 0.36 at 800°C indicating a more random orientation of the 
crystals as temperature increases. Error bars ± 1SD. 
 
 
 
 
  
 
 
 
FIG. 5 Variations of crystalline shape in enamel and dentine with increasing temperature 
determined by SAXS. The absolute value of the slope for dentine indicates a needle-like 
morphology at RT (1.40), changing to a more platelet-like morphology at 400-500°C (2.03-
2.19) and finally to a more complex (polydisperse) morphology at 600-900°C (3.53-3.22). 
Error bars ± 1SD. 
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a b s t r a c t
The knowledge of the mechanical properties of dental materials related to their hierarch-
ical structure is essential for understanding and predicting the effect of microstructural
alterations on the performance of dental tissues in the context of forensic and archae-
ological investigation as well as laser irradiation treatment of caries. So far, few studies
have focused on the nano-scale structure-mechanical function relations of human teeth
altered by chemical or thermal treatment. The response of dental tissues to thermal
treatment is thought to be strongly affected by the mineral crystallite size, their spatial
arrangement and preferred orientation. In this study, synchrotron-based small and wide
angle X-ray scattering (SAXS/WAXS) techniques were used to investigate the micro-
structural alterations (mean crystalline thickness, crystal perfection and degree of align-
ment) of heat-affected dentine and enamel in human dental teeth. Additionally, nanoin-
dentation mapping was applied to detect the spatial and temperature-dependent nano-
mechanical properties variation. The SAXS/WAXS results revealed that the mean crystal-
line thickness distribution in dentine was more uniform compared with that in enamel.
Although in general the mean crystalline thickness increased both in dentine and enamel
as the temperature increased, the local structural variations gradually reduced. Meanwhile,
the hardness and reduced modulus in enamel decreased as the temperature increased,
while for dentine, the tendency reversed at high temperature. The analysis of the
correlation between the ultrastructure and mechanical properties coupled with the effect
of temperature demonstrates the effect of mean thickness and orientation on the local
variation of mechanical property. This structural–mechanical property alteration is likely
to be due to changes of HAp crystallites, thus dentine and enamel exhibit different
responses at different temperatures. Our results enable an improved understanding of the
mechanical properties correlation in hierarchical biological materials, and human dental
tissue in particular.
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1. Introduction
The bulk of human teeth consists of two main mineralised
tissues, collagen-rich dentine and highly mineralised enamel.
They join forming a complex and mechanically durable
dentine–enamel junction (DEJ) that contributes to the life-
long success of the tooth structure under thermo-mechanical
loadings encountered in the oral cavity under the conditions
such as mastication, chemically active environment and
thermal shock (He and Swain, 2009; Marshall et al., 1998;
Ten Cate, 1998). This remarkable performance provides the
motivation for numerous investigations into the detail of the
micro- and nano-structure of enamel, dentine and the DEJ.
The knowledge of the mechanical properties related to the
hierarchical structure of dentine, enamel and the DEJ is
essential for understanding and predicting the effects of
microstructural alterations due to disease, treatment, or
environmental or thermal exposure on the performance of
dental tissues and their artiﬁcial replacements.
The use of advanced high-energy techniques is increasing
in modern dentistry. With the advent of a variety of new laser
systems spanning by a range of energy densities and pulse
durations, clinical treatments such as laser-assisted caries
protection were proposed and developed. Local temperature
induced by laser as high as 1000 1C may be achieved during
laser treatment (Fried et al., 2002; Zuerlein et al., 1999).
Improved caries prevention is surmised to be associated with
increased mineralisation and HAp crystallite sintering that
leads to the sealing of dentinal tubules. However, the con-
ﬁrmation of this by direct microscopic characterisation of the
very thin surface layer affected by laser therapies is an
extremely challenging experimental task. In addition, in the
context of archaeological and forensic investigations, the
macroscopic alterations (e.g. surface colour) can be used to
deduce an approximate temperature range, while the inves-
tigation of the micro- and ultrastructural alterations of
skeletal hard tissues exposed to high temperatures turned
out to be an excellent means of obtaining reliable estimates
of the temperatures of exposure (Piga et al., 2009; Thompson,
2005; Thompson et al., 2011). The above considerations
provide a strong motivation for a detailed study into the
effect of thermal exposure on the nano-structure properties
of human dental tissue. In order to understand and quantify
more precise information about the evolution of the hier-
archical nano/micro-structure under in situ thermal expo-
sure, the application of advanced non-destructive techniques
offers an appropriate route.
Synchrotron based X-ray diffraction, small- and wide
angle X-ray scattering (SAXS and WAXS, respectively), are
advanced non-destructive techniques that enable character-
ising the ultrastructure, mechanical property and texture
evaluation of mineralised tissues (Al-Jawad et al., 2007;
Daniels et al., 2010; Deymier-Black et al., 2010). WAXS (XRD)
has been proved to be capable of showing the distinct
differences of HAp of animal and human bone mineral upon
heating (Beckett et al., 2011; Piga et al., 2008; Piga et al., 2013;
Rogers et al., 2010), however most lab-based XRD usually
involves the mechanical destruction of a sample and estima-
tion of a subsequent volume-weighted averaged result,
without providing local ﬁne-scale changes of ultrastructure
(Hiller et al., 2003). Compared with conventional high-
magniﬁcation microscopic methods, SAXS allows a far higher
throughput of samples with shorter time of analysis and non-
destructive identiﬁcation of local structural alterations at the
nano-scale. However, the investigation of thermal treated
mineralised tissues using SAXS technique is still lacking, and
only recently, lab-based SAXS was used to characterize the
structural changes in human bone for forensic and archae-
ological purposes (Hiller et al., 2003), but few in the corre-
sponding SAXS data analysis on human dental tissues in
particular.
Nanoindentation has recently emerged as a powerful tool
for measuring the nano-scale mechanical properties in bio-
materials (Ebenstein and Pruitt, 2006). Nanoindentation in
mineralised tissues have been extensively studied and
reviewed by Kinney et al. (Kinney et al., 2003) and Haques
et al. (Haque, 2003). In teeth, a primary focus has been to map
mechanical properties across the normal dental tissues to
understand the role of local properties and hierarchical
structure, and has also been coupled with chemical mapping
(Fong et al., 2000; Marshall et al., 2001; Roy and Basu, 2008).
However, to date, no studies have been reported on the
investigation of the variation of mechanical properties on
thermally treated dental tissues. Tesch et al. (Tesch et al.,
2001) successfully applied SAXS and nanoindentation to
characterize non-treated dentine and observed variations of
mechanical and structural properties in correlations but the
resolution is low. In the present investigation of heat-induced
alterations of hard dental tissues with high resolution, a
SAXS mapping setup was combined with nanoindentation
mapping. The results obtained here are likely to help in a
better understanding of the internal architecture alterations
and hierarchical properties changes due to heat exposure. In
addition, the effect of exposure of human skeletal hard
tissues to high temperatures is an important topic of study
in the context of forensic investigations and archaeological
analysis (Beckett et al., 2011; Enzo et al., 2007; Piga et al., 2009;
Rogers and Daniels, 2002; Shipman et al., 1984).
The aim of this study was to have a medium resolution
mapping using synchrotron-based SAXS/WAXS technique to
characterise the structural features both in dentine and
enamel, as well as in the region near the DEJ of human teeth
samples with various thermal treatments in order to analyse
the ultrastructural variation (mean crystalline thickness,
crystal perfection, orientation and degree of alignment) and
their correlation with the reduced modulus and hardness
properties (measured by nanoindentation).
2. Materials and methods
2.1. Sample preparation
Four freshly extracted intact human molars (ethical approval
obtained from the National Research Ethics Committee; NHS-
REC reference 09.H0405.33/ Consortium R&D No. 1446) were
disinfected in 15 mM sodium azide solution and washed
under running water for 5–6 h before mechanically cleaned
to eliminate residues. Teeth were excluded from the study
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because of damage (e.g. broken roots), endodontic treatment,
dental restorations or caries. Details such as age, sex and
patients ethnic background remained anonymous as part of
patient conﬁdentiality regulations. In total, twelve teeth
sections (310.5 mm3) were prepared and kept in a
hydrated state in Phosphate Buffer Solution (PBS) at 4 1C
before the experiment (Marten et al., 2010). Of these, 10
sections were allocated into ﬁve temperature groups for
30 min constant exposure at 400 1C–800 1C (in steps of
100 1C), and two additional unheated sections were used as
controls. An ashing furnace (Carbolite AAF 11/3, Shefﬁeld,
United Kingdom) was used to generate the thermal treat-
ment. Each tooth sample was then subjected to a thermal
history that heated the sample to the ﬁnal (maximum)
temperature (constant exposure) and were then removed
from the furnace after the desired duration of exposure was
reached, and subsequently cooled down in the crucibles to
room temperature and stored in padded containers.
For the purpose of planning the measuring positions and
Region of Interests (ROIs) of the SAXS/WAXS mapping, micro-
CT scans of the samples were performed with a SkyScan 1172
scanner (SkyScan, Kontich, Belgium) at 1.9 mm resolution
using 80 kV voltage, 120 mA current and a 0.5 mm Aluminium
ﬁlter (Fig. 2a–c). The resulting data were reconstructed with
SkyScan NRECON package and subsequent models were
recreated with Fiji imaging software (Eliceiri et al., 2012). In
addition, it should be noted that the micro-CT scan was also
used on the selection of samples in order to largely guarantee
that the DEJ plane of the selected samples was almost parallel
to the X-ray beam.
The nanoindentation measurements were performed on
the same teeth sections after embedding in Epoxy resin
(Buehler Epo-Kwick, Buehler Ltd., Lake Bluff, IL) to preserve
their integrity and were analysed in the dry condition. The
maximum peak temperatures of the epoxy during curing the
manufacturer is 145 1C with a short period of time, which the
inﬂuence on the sample is thought to be limited. Further-
more, the sections are carefully ground with a series of
grinding papers (P800-P4000) to expose the surface and ﬁnally
polished with 3 mm diamond polishing compound. This way,
it was made sure that properties of the tissue were measured,
and not properties of the epoxy resin.
In summary, six samples (RT, 400 1C, 500 1C, 600 1C, 700 1C
and 800 1C) were used for the SAXS/WAXS mapping measure-
ments and three out of those six samples including RT, 500 1C
and 700 1C were further selected for the nano-indentation
mapping, since these temperatures were representatives of
major compositional changes and weight loss (Pramanik
et al., 2013).
2.2. Micro-focus small angle X-ray scattering experiment
Micro-focus SAXS experiments were performed on the I22
beamline at Diamond Light Source (DLS, Oxford, UK) using
monochromatic 18 keV X-rays. The distance between detec-
tor and sample was 1040 mm, guaranteeing that clear and
complete SAXS patterns and a partial WAXS pattern could be
captured on the 2D detector (Pilatus 2 M, Dectris Ltd., Baden,
Switzerland) positioned downstream of the sample. The use
of the incident X-ray beam focused down to the spot size of
14.519 mm2 allowed the achievement of the required spatial
resolution. Each sample was mounted upright in air and
scattering patterns were collected in transmission mode
while the sample was repeatedly shifted in the plane
perpendicular to the X-ray incident beam travelling in the
z-direction to collect the map of SAXS patterns. The mapping
area of region of interest (ROI) for the control sample and
samples from 400 1C to 800 1C was 0.60.6 mm2. The spacing
between each two measurement points of the mapping scans
was 40 mm both in longitudinal (y-direction) and transverse
(x-direction) directions, resulting in a total of 225 scattering
patterns per sample (see Fig. 1a).
The experiment allows us to consider the DEJ a function-
ally and structurally gradient layer – a common approxima-
tion that is used with considerable success in the study of
inhomogeneous materials, interfaces, surface treated sys-
tems, etc. Since the main interest is in-plane variation,
therefore, all possible efforts have been made to ensure that
the X-ray beam travelling through the sample is close to
parallel to the DEJ and the beam size (14.519 mm2) is able to
provide a result averaged over the gauge volume that moves
across the DEJ. Samples of the thickness 500 mm represent
the practical limit in terms of survival of thermal exposure.
As for the SAXS measurements conducted in transmission
mode in these experiments, sample thinner than that is likely
to result in low intensity of the SAXS signal.
2.3. Scattering data analysis
2.3.1. SAXS
Quantitative interpretation of SAXS patterns provides insight
into the mean thickness, orientation and degree of align-
ment of dense particles. For initial quantitative analysis,
2-D diffraction images were converted into 1-D intensity
proﬁles and pre-processed using the Fit2D software package
(Hammersley, 1997).
a) Mean crystalline thickness
The scattering intensity Iðq;φÞ was radially integrated over
the entire range of the azimuthal angle φ to obtain a
function of IðqÞ, where q represents the scattering vector.
The crystal mean thickness T is deﬁned as the Porod chord
length based on Porod0s law valid in a two-phase system
T¼ 4
π QP
ð1Þ
where P is the Porod constant given by IðqÞ ¼ Pq4 (Porod0s
law at large q range), which can be determined from the
Iq4  q4 plot, and Q is the integrated area of the Iq2  q plot.
Note that the deﬁnition of T was used without any
assumption of the particle shape. However, for speciﬁc
cases of needle or platelet shape, T can be interpreted as
an average measurement of the smallest dimension of
crystallites. The actual mean crystalline thickness can be
further calculated based on T and other factors like
volume fraction (Fratzl et al., 1996).
b) Orientation and degree of alignment
The degree of alignment (ρ) of HAp crystalline particles is
used to describe the percentage of aligned particles. To
quantify it as well as the preferred orientation, the SAXS
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patterns were integrated over all the available scattering
vectors q, resulting in a function IðφÞ with the azimuthal
angle φ (Rinnerthaler et al., 1999; Tesch et al., 2003), which
is shown in Fig. 1b. The Gauss ﬁt is also shown in the
ﬁgure (red line). In the plot of IðφÞ, the average position of
the two peaks determines the predominant orientation φ0,
and the degree of alignment is deﬁned as the ratio
ρ¼ Aoriented
Aoriented þ Aunoriented
ð2Þ
where Aunoriented is the area of the constant background
level and Aoriented is the overall area under the curve of IðφÞ
subtracting the background. The value of the degree of
alignment ranges from 0 to 1, where ρ¼ 0 indicates no
predominant orientation within the plane of the section
and ρ¼ 1 indicates a perfect alignment of all crystallites
(Rinnerthaler et al., 1999; Tesch et al., 2003).
2.3.2. WAXS
WAXS patterns are represented by separated diffraction
rings, containing characteristic information related to the
crystal structure. The analysis of WAXS patterns is performed
using the Bragg0s law, which establishes the relationship
between the spacing of atomic planes in crystals and the
scattering angle at which these planes produce intense
reﬂections (Bragg and Bragg, 1933). The (002) lattice plane
reﬂection ring from HAp contains the information on the
orientation of the c-axis of the crystals as well as the ﬁbril
orientation due to their parallel orientation, which is strong
Fig. 1 – Schematic diagram of the experimental setup. (a) micro-focus SAXS setup, WAXS patterns can also be partly obtained
on the SAXS-Pilatus detector, (b) A plot of the integrated curve IðφÞ (black points). The Gauss ﬁt is also shown in the ﬁgure (red
line). The predominant orientation φ0is the average position of the two peaks. The ratio Aoriented=ðAoriented þAunorientedÞ gives the
degree of alignment and (c) nanoindentation proﬁle showing the quantities used in the analysis. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article).
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Fig. 2 – Region of interest (0.60.6 mm2) of dental slice mapped with SAXS and nanoindentation techniques. Each column
represents the results within the same area under a certain temperature as labelled. (a–c) ROI of RT (room temperature), 500 1C
and 700 1C samples revealed by Micro-CT; 2D colour coded of SAXS results: (d–f) mean thickness (nm) and (g–i) degree of
alignment of HAp crystallites, with the crystal orientation marked by the black lines. The mean thickness of the crystallites in
both dentine and enamel increases as the temperature increases (from light blue to red for enamel and from dark blue to red
for dentine). However, the spatial difference between dentine and enamel decreases with temperature. The degree of
alignment drops as the temperature increases (from red to yellow for enamel and from yellow to blue for dentine); 2D colour
coded of nanoindentation results: (j–l) reduced modulus (GPa) and (m–o) hardness (GPa); The reduced modulus and hardness
of enamel is observed to decrease signiﬁcantly with the increasing temperature (from yellow–red mixture to light blue). (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article).
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and distinct (Deymier-Black et al., 2010) Therefore, only the
(002) peak of interest is selected for interpretation.
2.4. Nanoindentation experiment
A nanohardness tester (NHT) with a Berkovich diamond
probe from CSM (CSM, Neuchatel, Switzerland) was utilised
to perform nanoindentation on the thermally treated
samples. The calibration was done by fused silica and the
procedure suggested by Oliver and Pharr (Oliver and Pharr,
1992) was used to correct for the load-frame compliance of
the apparatus and the imperfect shape of the indenter tip.
The tests were performed at room temperature under force
control feedback mode to a peak force of 2 mN. A load
function composed of 30 s loading, followed by 30 s holding
and 30 s unloading was used (Le Bourhis et al., 2004;
Patriarche et al., 2004). The hold period at maximum load
(30 s) is used to limit creep upon unloading, and thereby allow
for a more reliable extraction of mechanical properties from
the unloading curve (Angker et al., 2005). The contact depth
was between 100 and 400 nm that is much lower than the
tooth sample thickness (0.5 mm), so that the properties
obtained can be conﬁdently assigned to the bulk. Maps of
indents were performed along the same ROI used for the
scattering experiment. The indents were spaced approxi-
mately 60 mm apart both in the x- and y-directions and
performed using automation.
Nanoindentation tests are widely used to determine some
material properties. Every nano-indent operation involves a
loading and unloading process, and the indentation load-
depth data is recorded for each operation (Hsu et al.). A
schematic diagram of nanoindentation process (Fig. 1c) is
shown, where indentation depth h is the summation of hs
(displacement due to elastic deformation) and hc (contact
depth). S is the contact stiffness at maximum penetration
and is the initial slope of the unloading curve. Using the
compliance method, the hardness H and reduced modulus Er
can be determined directly from analysis of load-
displacement data (Ebenstein and Pruitt, 2006). The hardness
of the sample can be obtained by dividing the load by the
projected area of indentation
H¼ Fm
Ac
ð3Þ
where Ac (Ac ¼ 24:5h2c for a perfect tip) is the contact area, Fm
is the force at maximum load. The composite modulus En
(sample and diamond) is extracted from
1
En
¼ 2β
S
ﬃﬃﬃﬃﬃ
Ac
π
r
ð4Þ
where β is a correction factor depending on the rip geometry
(β¼ 1:034 for a Berkovich one). The relation with diamond
and sample properties is given by
1
En
¼ 1ν
2
D
ED
þ 1ν
2
S
ES
ð5Þ
where E and ν are Young0s modulus and Poisson ratio and the
subscripts D and S are for diamond and sample respectively
(ED¼1141 GPa, νD¼0.07). The reduced modulus is referred to as
1
Er
¼ 1ν
2
s
Es
ð6Þ
which is reported in (Le Bourhis and Patriarche, 2007;
Lim et al., 2005; Oliver and Pharr, 1992).
2.5. Statistical analysis
The calculated mean crystalline thickness values were sta-
tistically analysed with two-tailed paired sample t-tests using
SPSS version 19 (IBM SPSS Inc., Chicago, USA). Probability
levels of po0.05 (95% conﬁdence interval) were considered
statistically signiﬁcant.
3. Results
Colour coded 2D mapping provides a general qualitative
understanding of the spatial distribution of the ultrastruc-
tural and mechanical properties and their variations with
temperature. It also offers a validation on extracting the line
measurements or 1D plot with the detailed quantitative
information of the changes and correlation of the results.
For reasons of consistency, the central line values were
chosen in all samples and no dependency of the measure-
ment results on the line position was found. In this section,
both the 2D mapping results and the line plot were presented.
3.1. Ultrastructural observations
3.1.1. Mean crystalline thickness
The spatial mean thickness variations of HAp crystallites in
the control sample (RT, room temperature), samples heat
treated at 500 1C and 700 1C were visualized in Fig. 2d–f as
colour coded 2D-plot. Similar features from the three samples
were observed, of which the mean crystalline thickness
decreased from enamel to DEJ, and further down through
deeper dentine. From Fig. 2d–f, it was found that the mean
thickness of HAp crystallites increases with temperature,
which was reﬂected through the 2D colour changes (enamel
from blue in Fig. 2d to red in Fig. 2f, while dentine from dark
blue to red). In addition, the spatial difference of the crystal-
line thickness between enamel and dentine was found to
gradually decrease with temperature since in Fig. 2f, enamel
and dentine almost shared the same colour.
In order to trace the average mean crystalline thickness
alteration with increasing temperature, the thickness values
along the central line of dentine and enamel in the mapping
area were extracted from the 2D mapping results, which are
shown in Fig. 3a. The variation of the averaged mean crystal-
line thickness of the central line of dentine and enamel with
increasing temperature are illustrated in Fig. 4a and b, from
which the crystallites in dentine is nearly tripled from
1.94 (SD: 0.06) nm at room temperature (RT) to 5.16 (SD:
0.06) nm at 800 1C, while that of crystallites in enamel
increased from 3.81 (SD: 0.28) nm at RT to 4.90 (SD: 0.04) nm
at 800 1C (for additional values see Table 1).
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3.1.2. Orientation and degree of alignment
The 2D maps of the degree of alignment variation of the same
three samples (RT, 500 1C and 700 1C) within the interested
region were shown respectively in Fig. 2g–i. The enamel and
dentine show distinctive results visualized by the colour
coding. Similar gradient features as the mean thickness
results were observed. Generally, enamel has higher degree
of alignment than dentine. However, it was found that the
degree of alignment of both enamel and dentine decreased
with temperature as the colour changed mostly from red to
yellow in enamel and yellow to blue in dentine.
The angular orientation of the mineral particles in the 2D
teeth slices is depicted by the small black lines superimposed
on the degree of alignment mapping (shown in Fig. 2g–i). In
enamel, all the particles are almost orthogonal to the DEJ
plane. Same features can be observed for the particles in
dentine but only for the region far beneath the transition area
of the DEJ. It appears that mineral particles gradually become
parallel to the DEJ plane through the region near DEJ.
The same central line of dentine and enamel as presented in
the mean thickness visualization were selected from 2D map-
ping results. Only the line variation of the result in dentine is of
the most interest and is shown in Fig. 3b. It is found that in the
speciﬁc area in dentine just beneath the DEJ, the degree of
alignment is relatively higher than the area far away from DEJ,
shown as a bump in Fig. 3b. However, the overall degree of
alignment of crystals in dentine decreased (also see Fig. 4c and d)
and the bump gradually disappeared with increasing tempera-
ture. This indicates a tendency towards more random distribu-
tion of crystals as the temperature increased (see Table 1).
3.2. Mechanical properties characterization
3.2.1. Reduced modulus
Fig. 2j–l demonstrate the results of the spatial distribution of
reduced modulus within the 2D interested area of the three
samples (RT, 500 1C and 700 1C). The DEJ is clearly visible
whereas the distribution inside the enamel and dentine is
limited. It was found that only enamel has a pronounced
colour change (from yellow–red in Fig. 2j to light blue in
Fig. 2l), indicating a signiﬁcant decrease of reduced modulus
in enamel with temperature.
The variations of the averaged reduced modulus of the
central line of dentine and enamel with respect to all the
tested temperatures are illustrated in Fig. 4a and c. From the
ﬁgure, it is found that the averaged reduced modulus of
dentine decreased from 20 (SD: 6) GPa at RT to 15 (SD: 2) GPa
at 500 1C and then increased to 29 (SD: 10) GPa at 800 1C, while
in enamel it decreased from 70 (SD: 17) GPa at RT to 56 (SD:
17) GPa at 500 1C, and then further down to 47 (SD: 18) GPa at
800 1C (see Table 1).
3.2.2. Hardness
The overall spatial distribution of hardness of the three samples
(RT, 500 1C and 700 1C) in the ROI can be observed in Fig. 2m–o.
The DEJ is still recognisable, but the spatial changes are not as
clearly shown as in the structural mapping of thickness and
degree of alignment. Similar tendency as the reduced modulus
was found that the hardness of enamel dropped signiﬁcantly
with temperature, which is reﬂected from the pronounced
colour change.
The detailed alteration of the hardness with increasing
temperature is also reﬂected in the variation of the averaged
hardness of the selected central line of dentine and enamel
(Fig. 4b and d). It was found that the averaged hardness
variations have the similar tendency of variation as that of
the averaged reduced modulus both in dentine and enamel.
The averaged hardness in dentine decreased from 0.7 (SD:
0.1) GPa at RT down to 0.4 (SD: 0.1) GPa at 500 1C and then
increased to 0.8 (SD: 0.3) GPa at 800 1C, while in enamel the
averaged hardness decreased from 3.0 (SD: 1.3) GPa at RT to
Fig. 3 – Ultrastructural variations along the central line from the 2D mapping result of ROI as a function of temperature and
distance from DEJ. (a) results of the mean thickness of HAp. The ﬁrst three measurement points (with minus distances from
DEJ) represent the results in enamel; (b) results of the degree of alignment of HAp. Only the results of crystals in dentine are
shown due to the complex variation happened beneath the DEJ.
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Fig. 4 – Correlation analysis between structural–mechanical parameters coupled with increasing temperature (“E” means
enamel while “D”means dentine). All the results are the averaged values of different regions along the selected central line in
ROI. (a) mean thickness vs. reduced modulus; (b) mean thickness vs. hardness; (c) degree of alignment vs. reduced modulus;
(d) degree of alignment vs. hardness. Error bars71 SD. (For interpretation of the references to color in this ﬁgure, the reader is
referred to the web version of this article).
Table 1 – Overview of SAXS and nanoindentation measurement results collected from central line from 2D mapping
results. Statistical signiﬁcance was evaluated using two-tailed paired sample t-tests with a 95% conﬁdence interval for the
mean thickness results (npo0.05, nnpo0.005, nnnpo0.0005).
Temperature (1C) Mean crystalline thickness (nm) Degree of alignment Hardness (GPa) Reduced modulus (GPa)
RT Enamel 3.81(SD: 0.28) 0.50(SD: 0.02) 3.0(SD: 1.3) 70(SD:17)
400 4.07(0.02) 0.53(0.01)
500 4.73(0.16)n 0.48(0.02) 2.9(1.5) 56(17)
600 4.79(0.06) 0.31(0.05)
700 4.93(0.09) 0.28(0.03) 2.6(0.7) 51(11)
800 4.90(0.04) 0.28(0.01) 2.0(0.1) 47(18)
RT Dentine 1.94(0.06) 0.23(0.03) 0.7(0.1) 20(6)
400 3.09(0.09)nnn 0.29(0.06)
500 4.05(0.02)nnn 0.26(0.03) 0.4(0.1) 15(2)
600 5.16(0.12)nnn 0.17(0.03)
700 4.96(0.03)nnn 0.15(0.02) 0.6(0.3) 18(6)
800 5.16(0.06) 0.17(0.01) 0.8(0.3) 29(10)
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2.9 (SD:1.5) GPa at 500 1C and then to 2.0 (SD:0.1) GPa at 800 1C
(see Table 1).
3.3. Crystal perfection
The WAXS patterns diffracted from HAp crystals in both the
enamel and dentine provide information about the crystal-
line perfection difference in different regions. Due to the
limited size of the 2D detector, only the (002) peak could be
captured and analyzed. Fig. 5 shows the diffraction intensity
variation of (002) peak for a selected region of scattering
angles (11.21–11.51) with the temperature change. A sharpen-
ing of the peak at higher temperatures was observed, com-
pared to the broad one of the control sample at lower
temperature. This represents an increased diffraction con-
tribution from HAp crystals within this scattering angle range
as the temperature increased, which indicates that the
crystal perfection increased remarkably during the heating.
Note that the peak sharpening in dentine is more obvious
than that in enamel.
4. Discussion
The ultrastructural alteration of skeletal hard tissues exposed
to the thermal treatment process developed in the present
study provides a better, more reliable basis for deducing the
heating history, compared with the conventional methods
based on monitoring the macro- and microstructural colour
(Piga et al., 2009; Thompson, 2005; Thompson et al., 2013) in
the forensic and archaeological investigation. In the clinical
application like caries prevention, the present study offers an
opportunity to characterise the microstructural features
affected by laser therapies.
The previous analysis of the entire powdered tooth ana-
lysis obscures the sharpness of ultrastructural variations
in dentine and enamel (Kugler, 2003; Piga et al., 2009). The
present study clearly illustrates how the observed evolution
of ultrastructure reﬂects the differences between dentine and
enamel, suggesting that enamel and dentine must be inves-
tigated separately in order to evaluate the exposure tempera-
ture precisely in the forensic cases as well as optimise laser-
assistant treatment in clinical application.
The structural–mechanical properties correlation to the
temperature provides an additional guidance to track the
heating history in the forensic study. In addition, for caries
prevention, it provides the evidence that the alteration of
mechanical properties should also be taken into account
during the sintering process, since the decreased hardness
may induce micro-cracks with increasing temperature.
4.1. Ultrastructural observations
4.1.1. Mean crystalline thickness
Overall the mean crystalline thickness distribution in dentine
was more uniform compared with that in enamel. The mean
crystalline thickness was observed to obviously decrease in
enamel and slightly increase in dentine towards DEJ at low
temperature, which may be ascribed to the gradient proper-
ties of human dental slice (Jacobs et al., 1973) as illustrated in
Fig. 3a. However, as temperature increases, this gradient
becomes smaller, which can be clearly seen in Fig. 3a. Besides
the visible gradient features, the major drop was visible near
the transition area around the DEJ, indicating the spatial
structural variation in the human dental slice.
The mean crystalline thickness of the control sample
(3.81 (SD: 0.28) nm in dentine and 1.94 (SD: 0.06) nm in
enamel) is consistent with the earlier transmission electron
microscopy (TEM) studies and XRD data (Marten et al., 2010;
Reiche et al., 2002). The increase of mean crystalline thick-
ness happened after 400 1C which implied the HAp crystal-
lites starting to sinter, leading to grain size growth. This
process becomes dramatic after 600 1C, as can be conﬁrmed
by tracking the WAXS peak variation as illustrated in the
Fig. 5 – Intensity variation of the (002) reﬂection in theWAXS patterns of different regions at different temperatures: (a) enamel
and (b) dentine. The observed peak sharpening and higher intensity at higher temperatures compared with the control
sample indicates an increased diffraction contribution from HAp crystallites.
j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 3 2 ( 2 0 1 4 ) 1 1 3 – 1 2 4 121
Fig. 5 (Pramanik et al., 2013). In addition, the small increase in
crystallite size for enamel with increasing temperature is
likely to be related to the denser arrangement of HAp crystal-
lites compared with dentine.
4.1.2. Orientation and degree of alignment
The local structural variation of the degree of alignment in
dentine with distance from DEJ (Fig. 3b) represents an inter-
nal ultra- and micro-structural adaptation matching the
geometry of the human tooth. The higher degree of align-
ment of HAp crystallites near DEJ is expected to stiffen the
dentine. Thus the higher mineral particle co-alignments
beneath the chewing surface cusps may be important for
the transfer or the redistribution of mastication loads from
the much harder, highly mineralised enamel deep into bulk
dentine (Eliceiri et al., 2012).
The degree of alignment in dentine (0.23 (SD: 0.03)) from
the control sample (room temperature, Fig. 4c and d) shows
an almost random orientation of HAp crystallites, while the
result in enamel indicates a stronger textured orientation
(0.50 (SD: 0.02)). This is consistent with earlier SAXS results
for dental tissue (Eliceiri et al., 2012; Jiang et al., 2005), where
the internal architecture in dentine was observed to be net-
like ﬁbrils wound around tubules with decorated HAp crystal-
lites. If it is observed along tubule direction, the ﬁbrils will
display an almost random distribution (Bozec et al., 2005).
Therefore, when the beam illuminates perpendicular to the
dental slice, i.e. perpendicular to the cross section of tubule,
the HAp crystallites will have a much lower degree of
alignment than that of well-packed HAp crystallites in
enamel, which crystallites partially aligned along the prisms
(or rods) (Macho et al., 2003). It is noted that in both dentine
and enamel, there is a reduction in the degree of alignment
as the temperature increased. The reduction of the overall
degree of alignment as well as the bump gradient of the
central line observed in Fig. 3b with increasing temperature
may be explained by the burning-off or gradual disappear-
ance of the organic phase most of which is collagen. Since the
organic phase serves as the support of the structure, such
disappearance may lead to the rearrangement of crystallites
associated with rotation or anisotropic sintering. In addition,
the rearrangement of crystallites may increase the crystal
perfection, especially in dentine (Fig. 5), due to its larger
amount of organic phase than in enamel.
4.2. Mechanical properties characterization
Both hardness and reduced modulus mapping showed
the obvious contrast of properties between the dentine and
enamel. The boundary between dentine and enamel is clearly
shown in Fig. 2j–o and regions with large reduced modulus
and hardness match very well as expected. However, it was
found that the transition feature of mechanical properties in
dentine was not as clear as the ultrastructural visualization,
which was partly due to the low resolution of nanoindenta-
tion compared with SAXS/WAXS and the mechanical-
response dispersion of both enamel and dentine. In addition,
the existing cracks or surface defects in all the samples may
affect the indentation results, and increase the relatively
large error bounds in Fig. 4.
The hardness (0.7 (SD: 0.1) GPa in dentine and 3.0 (SD:
1.3) GPa in enamel) and reduced modulus (20 (SD: 6) GPa in
dentine and 70 (SD: 17) GPa in enamel) of the control sample
were consistent with the earlier nanoindentation studies on
dental tissues (Roy and Basu, 2008; Tesch et al., 2001). The
different behaviours of dentine and enamel might result from
their different mineral contents. The initial reduction of the
mechanical properties in dentine might be due to the gradual
disappearance of collagen and the subsequent increase at
higher temperatures might be explained by the occurrence of
sintering and signiﬁcantly increased crystal perfection, which
Fig. 6 – Crack development revealed by micro-CT cross-sectional images. The control sample (a) shows no cracks around the
DEJ; whilst an increase in number of cracks and lifting of the enamel can be seen at 500 1C (b) and 700 1C (c).
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was partly reﬂected in the sharper peak variation in dentine
in Fig. 5.
4.3. Ultrastructure and mechanical properties correlation
The relationship between the variations of the ultrastructure
and mechanical properties with respect to different tempera-
tures are reﬂected in Fig. 4a–d. As illustrated in Fig. 4a and b,
in the enamel the reduced modulus (solid black symbols) and
hardness (solid blue symbols) decrease as the mean thickness
(solid red symbols) goes up. Similar phenomenon can also be
observed in the dentine as illustrated in the empty symbols.
The bigger the mean crystalline thickness is, the lower the
mechanical properties would be, as reported by Tesch et al.
(Tesch et al., 2001). Thus, the mean thickness was found to be
a good predictor of the reduced modulus and hardness.
No obvious correlation between the degree of alignment
and the mechanical properties can be observed in Fig. 4c and
d except that the region with higher modulus as shown in
Fig. 2 almost matches the region with higher degree of
alignment of HAp crystallites, which indicates that the local
structural variation may result in the local change of mod-
ulus in the same area. Furthermore, the distribution of the
orientation of HAp crystallites may indicate a correlation
between the orientation effect or texture effect and the
mechanical property variation, as discussed in our previous
work (Sui et al., 2013; Sui et al., 2014).
The consistent tendency of reduced modulus and hard-
ness (Bao et al., 2004) is observed in Fig. 4. The observed
alteration of the mechanical properties within the dental
slice as the temperature increases may facilitate the crack
propagation, since the decrease of hardness indicates the
reduction of the ultimate strength (Krishna et al., 2013),
which is visible in micro-CT observation (see Fig. 6).
5. Conclusions
The effects of heat treatment on human dental tissues were
successfully elucidated by a systematic study of the com-
bined SAXS/WAXS mapping and nanoindentation mapping
techniques. Quantitative analysis of SAXS patterns of human
teeth samples revealed a temperature-dependent variation of
the mean thickness and the degree of alignment of nano-
scale mineral phase (HAp crystallites) both in dentine and
enamel. Furthermore, nanoindentation mapping captured
the remarkable decrease of the hardness and modulus as
the temperature increased. The relationship between the
ultrastructural changes and mechanical behaviour changes
with increasing temperature indicates that the structure has
a strong effect on the mechanical properties.
In conclusion, the combination of synchrotron-based
SAXS/WAXS and nanoindentation mapping methods has
been shown to be a powerful method for the determination
of the variation of the structural–mechanical property
relationship in human dental tissues induced by the
thermal treatment. Ultimately, the SAXS mapping approach
developed in the present study might allow further design
and optimization of laser treatment strategies for clinical
applications, and will possibly provide an effective approach
to deduce the heating history for teeth samples in the
forensic and archaeological context.
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Abstract 
Human dental tissues consist of inorganic constituents (mainly crystallites of 
hydroxyapatite, HAp) and organic matrix. In addition, synthetic HAp powders are frequently 
used in medical and chemical applications. Insight into the ultrastructural alterations of 
skeletal hard tissues exposed to thermal treatment is crucial for the estimation of temperature 
of exposure in forensic and archaeological studies. However, at present only limited data exist 
on the heat-induced structural alterations of human dental tissues. In this paper, advanced 
non-destructive Small- and Wide Angle X-ray Scattering (SAXS/WAXS) synchrotron 
techniques were used to investigate the in situ ultrastructural alterations in thermally treated 
human dental tissues and synthetic HAp powders. The crystallographic properties were 
probed by WAXS, whilst HAp grain size distribution changes were evaluated by SAXS. The 
results demonstrate the important role of the organic matrix that binds together the HAp 
crystallites in responding to heat exposure. This is highlighted by the difference in the thermal 
behaviour between human dental tissues and synthetic HAp powders. The X-ray analysis 
results are supported by thermogravimetric analysis (TGA). The results concerning the HAp 
crystalline architecture in natural and synthetic HAp powders provide a reliable basis for 
deducing the heating history for dental tissues in the forensic and archaeological context, and 
the foundation for further development and optimization of biomimetic material design. 
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1. Introduction 
Hydroxyapatite (HAp) crystallites that are closely integrated in the organic matrix at the 
nano-scale are the main inorganic constituents of the hierarchical mineralized human dental 
tissues, namely, enamel and dentine. Such natural HAp crystallites are understood to be 
crucial to the physiology and function of dental tissues [1]. In parallel, recent developments in 
synthetic biomineralization have demonstrated that synthetic HAp powders can play an 
important role for medical applications, especially for the replacement or treatment of dental 
tissues [2].  
Advanced high-energy treatment techniques are finding increasing use in modern dentistry. 
In the early 1970s, Kantola et al. [3] showed that laser treatment of dental tissues can be used 
to increase the mineral content and crystallinity of dentine by preferential removal of the 
inherent water and protein. With the advent of a variety of new laser systems spanning a range 
of energy densities and pulse durations, clinical treatments such as laser-assisted caries 
protection were proposed and developed. Local temperature induced by short pulse laser 
treatment leads to local heating to temperatures between several hundred °C to over 1000°C. 
The alteration of dental tissue remains highly localised and improved caries prevention is 
surmised to be associated with increased mineralisation and HAp crystallite sintering that 
leads to the sealing of dentinal tubules, whilst leaving the remaining tissues intact due to the 
confined effect of less than 10 μm in depth (at the fluence of 2 J/cm2)[4, 5].  
Any change in the local environment of HAp crystallites, e.g. through laser illumination or 
direct heating, is bound to affect the mineral ultrastructure. In the context of archaeological 
and forensic investigations, while macroscopic alterations (e.g. surface colour) can be used to 
deduce an approximate temperature range, the investigation of the micro- and ultrastructural 
alterations of skeletal hard tissue to high temperatures has proven to be crucial to obtain a 
reliable estimation of the temperature of exposure [6-8]. This, in turn, sheds light on the 
attendant circumstances, e.g. the presence and nature of combustible agent used. Dental 
tissues, being the most highly mineralised part of the human body, can withstand longer 
  
thermal exposure and survive higher temperatures, thus offering the possibility of extending 
the range of applicability of this technique [9].  
The above considerations provide strong motivation for a detailed study into the effect of 
thermal exposure on the nano-structure (the arrangement of HAp crystallites) of human dental 
tissue, as well as the role of the organic phase. Whilst much research has been carried out into 
the heat-induced changes that occur in bone, in connection with human remains studied in the 
context of archaeology, anthropology and paleontology [10-13], the corresponding range and 
depth of study of the thermal response of dental tissues remains lacking [6, 14].  
Multiple techniques have been used to study heat-induced ultrastructural alterations of 
skeletal hard tissues. Most widely applied techniques are based on the absorption spectra of 
infrared radiation (Fourier transform infrared spectroscopy, FTIR), or lab-based X-ray powder 
diffraction (XRD) and lab-based small angle X-ray scattering (SAXS) [6, 10, 15-17]. 
However, there has been on-going debate regarding the general limitations and validity of the 
results quantified by FTIR [6, 15, 16]. Lab-based XRD has been shown to be capable of 
showing the distinct differences in the response of HAp crystallites to heating between animal 
and human bone [6, 16, 18]. As a complementary method, lab-based SAXS allows the 
identification of local structural alterations at the nano-scale, and is also capable of a fast 
throughput of samples [19]. However, both methods usually involve the grinding of a sample 
into powder to obtain volume-averaged results that do not provide appropriately spatially 
resolved information on the local changes of skeletal ultrastructure within the tissue [19, 20]. 
In order to understand and quantify more precisely the mechanism of such ultrastructural 
alterations with temperature, the application of advanced non-destructive techniques offers an 
appropriate route. One of the most advanced non-destructive techniques is synchrotron based 
X-ray diffraction, namely, WAXS and SAXS. These methods have been used to characterise 
human dental tissues [21, 22], which enabled the characterisation of the ultrastructure of 
mineralized tissue using intact (not ground) samples, rather than powdered samples used with 
lab-based techniques.  
  
Recently, the non-destructive synchrotron based techniques (WAXS/SAXS) have been 
applied to the study of previously thermally treated human dental tissues [9]. However, these 
tests were conducted ex situ, where it was possible to consider only a limited number of 
samples after exposure to temperatures in the range in 400°C -900°C. In addition, by 
necessity, different samples were used for each measurement and thus the sample-to-sample 
ultrastructure variation could not be excluded. This aspect may weaken the reliability of the 
conclusions drawn regarding the mechanism of local ultrastructural changes. Furthermore, the 
ex situ mode of sample characterisation is only applied after heating and cooling the samples 
to/from different temperatures. Obviously, no information is available on the structure 
evolution during heating, nor cooling. To the best of our knowledge no results have been 
reported on monitoring heat-induced ultrastructural changes of HAp crystallites using an in 
situ experimental protocol spanning the entire relevant range of heating and cooling, nor has 
the comparison been made between the naturally occurring HAp crystallites within human 
dental tissues and synthetic HAp powders. Thus in situ thermal measurement will help to 
understand the internal architecture of complex natural materials (highly mineralised human 
tissues), and its evolution during thermal exposure. 
In this paper we report the evaluation of the crystallographic properties (d-spacing and 
crystal perfection and size) and the nano-structure (thickness, orientation and degree of 
alignment) of HAp crystallites embedded within the dental-tissue, as well as synthetic HAp 
powders subjected to in situ thermal treatment. The combination of synchrotron X-ray 
scattering techniques (WAXS/SAXS) was employed. The results were analysed in order to 
understand how the internal ultrastructure within the human dental tissues and the synthetic 
HAp powders evolves during the heating and cooling schedule. 
 
 
 
 
  
2. Materials and methods 
2.1. Sample preparation 
Freshly extracted intact human third molars (ethical approval obtained from the National 
Research Ethics Committee; NHS-REC reference 09.H0405.33/ Consortium R&D No. 1465) 
were washed and cleaned in distilled water to eliminate residues so that the possibility of 
contamination or other chemical effects was excluded. The samples were cut into 1mm-thick 
cross-sectional slices in the bucco-lingual orientation including dentine and enamel (see 
Figure 1a) using a low speed diamond saw (Isomet Buehler Ltd., Lake Bluff, Illinois, USA) 
and polished using a sequence of grit papers to minimise the induced residual strain. In total, 
four cross-sections were prepared and were kept in distilled water in a commercial fridge at 
4°C until the experiment was performed. Low temperature storage conditions ensured 
relatively low diffusion rates so as to impede or exclude any possibility of superficial 
demineralization effect of water. 
A mould was filled with 100mg of commercially available HAp powder (Hydroxyapatite 
HTP powder, Bio-Rad, Hercules, CA, USA) and compacted with using an Instron 5544 
machine (Instron Ltd., Bucks, United Kingdom) at 1.8kN force. The resulting disk was 
1.2mm thick and 8 mm in diameter, with an approximate density of 1150 mg/cm3. 
The weight-loss over time was additionally evaluated using Thermogravimetry (TGA) at a 
rate of 12˚C/min using three cube-shaped dental samples (3×3×3mm) extracted from two 
molars. The weight fraction of the organic component was determined with TGA using one 
cubic dentine sample that was placed in a rotating 10% formic acid bath for 14 days to 
eliminate the mineral content, thus producing a purely organic sample. 
2.2. In-situ scattering measurements 
2.2.1. Thermal treatment setup 
In situ thermal treatment of the samples was performed using a remotely operated and 
monitored furnace that allows collection of SAXS/WAXS data at temperatures up to 1000˚C. 
This furnace is a modification of the design used at Daresbury laboratory [23]. The samples 
were fixed in specially designed ceramic sample holders. A Kapton window in the furnace 
  
allowed a high-energy X-ray transmission setup to be used, as illustrated in Figure 1a. The 
heating and cooling protocols were controlled using a Eurotherm controller. The protocols 
incorporated ramps at 12oC/min, and constant temperature holds of 200 seconds for each 
temperature level within dental slice samples studied (enamel and dentine in Figure 1d). The 
protocol for synthetic HAp powders is also shown in Figure 1e. Slightly different thermal 
protocols were used for natural and synthetic materials due to the limitations of the 
experimental set-up (furnace heating rates accessible for different samples). However, 
preliminary measurements carried out showed that, within the range of heating rates 
considered, the resulting differences were negligible. The temperature output by the furnace 
controller and thermocouple was of high accuracy (one decimal point, approximately 0.1° 
nominal precision). Overall, the measurements were conducted at three different points in 
dentine, one measurement point in enamel and one point in the synthetic HAp sample. Larger 
number of data sets would improve the quality of data and provide better statistical 
information on data quality. However, due to the limited availability of synchrotron beamtime, 
the collection of additional datasets was not possible. The statistical error analysis of dentine 
has been included in the results, and is reported below.  
2.2.2. Beamline experimental setup 
The experiment was carried out on the I22 experimental beamline at Diamond Light 
Source, Oxford Harwell Campus, Didcot, UK. A monochromatic X-ray beam (photon energy 
of 18keV) was used to illuminate the samples with the beam size of 65×120μm2 as illustrated 
schematically in Figure 1a. At each heating or cooling step, WAXS and SAXS patterns were 
simultaneously collected at consecutive heating and cooling increments at enamel and dentine 
or synthetic HAp crystallite across the specimens. A lightly compacted disk of NIST standard 
silicon powder was used for the WAXS data calibration and a disk of Silver Behenate (AgBe) 
powder was used for the SAXS data calibration [24].  
WAXS diffraction patterns (Figure 1b) were recorded using a Pilatus 100K detector 
(Dectris, Baden, Switzerland) placed at a sample-to-camera distance of 275.55mm (Figure 1a). 
Further downstream of the beam a Pilatus 2M detector (Dectris, Baden, Switzerland) was 
  
positioned at a distance of 2892mm to collect the SAXS patterns (Figure 1c). In order to 
record simultaneously the WAXS and SAXS patterns at each scanning location, the WAXS 
detector was titled and offset at 11.5o to the incident beam.  
2.3. X-ray scattering data analysis 
2.3.1. WAXS data analysis 
WAXS patterns appear graphically as separated rings with different widths and intensity 
levels, which contain characteristic information related to the crystalline structure. The 
analysis of WAXS patterns is performed using Bragg’s law, which establishes the relationship 
between the spacing of atomic planes in crystals and the scattering angle at which these 
planes produce intense reflections. 
2 sinhklspacingn d? ??                                      (Eq. 1) 
where λ is the wavelength, 
hkl
spacingd  (d-spacing) is the interplanar distance between planes 
with Miller indices {hkl}, θ is one half of the scattering angle and n is the order of the 
reflection. Each peak corresponds to a certain family of lattice planes within a certain 
crystallographic phase. The changes of d-spacing could be utilized to examine the residual 
lattice strain and trace the phase transformation. Therefore, diffraction pattern analysis can be 
used to identify and quantify the crystallographic phases and structure parameters. The typical 
WAXS pattern is shown in Figure 1b can be used to extract and compare the crystallographic 
properties (e.g. degree of crystal perfection) between different samples or the same samples at 
different stages of its evolution [20]. 
In Figure 1b, the ring with the strongest intensity represents the diffraction from the (002) 
family of lattice planes. Moreover, the (002) lattice plane reflection is the most distinct ring 
that is reliably present in all three materials studied (dentine, enamel, synthetic HAp). WAXS 
data can be interpreted in terms of the shift of the diffraction peak obtained from a cluster of 
HAp crystallites. The variation of interplanar spacing (d-spacing) with respect to the 
temperature between the corresponding lattice planes was captured using WAXS. The (002) 
peak represents the orientation of the scattering vector along the hexagonal c-axis (parallel to 
  
the long direction) within the HAp crystallites. It also corresponds to the organic fibril 
orientation due to the parallel orientation of fibrils to the long direction in HAp crystallites. 
The (002) peak is frequently used in determining the crystalline length in the bio-apatite and 
thus was chosen as the principal peak considered in the present study [25]. In detail, each 2D 
diffraction image was firstly pre-processed using Fit2D [26]. The (002) peak of interest from 
each pattern was “caked” (i.e. binned in the radial-azimuthal coordinates) within the range of 
20o in the y direction (Figure 1b). Subsequently the (002) peak was fitted with the Gaussian 
curve to obtain the peak centre position of
002
spacingd . Finite dimensions of the scattering volumes 
(crystallites) cause diffraction peak broadening that can be used to deduce the particle size. 
Diffraction peak width is related to the grain size (e.g. HAp crystallite) by the Scherrer 
equation that is widely used for the characterisation of heat-treated mineralised tissues [9, 10]. 
coshkl
kL
B
?
??                                     (Eq. 2) 
where L  is the particle dimension in the direction of the {hkl} crystallographic plane normal, 
and hklB  is the full-width at half maximum (FWHM) of the (hkl) peak. The (002) peak width 
is associated with the crystallite length and thus L deduced from the above equation of (002) 
peak could be used to estimate the average length of HAp crystallites [25]. The factor k  is a 
constant related to the crystallite shape, while ?  and ?  have their usual meaning in Bragg’s 
law. By monitoring the variation of FWHM during different heating-cooling procedures, the 
normalized length of the HAp crystallites was deduced. 
 
2.3.2. SAXS data analysis 
Quantitative interpretation of SAXS patterns provides insight into the mean thickness and 
degree of alignment of HAp crystallites. 2-D diffraction images were initially converted into 
1-D intensity profiles and processed using Fit2D software package [26].  
 
a) Mean thickness 
  
In order to determine the mean crystal thickness, the scattering intensity ( , )I q ?  was 
radially integrated around the entire range of the azimuthal angle ? to obtain the function 
( )I q , where q is the scattering vector. Based on Porod’s law, which is valid in a two-phase 
system, the Porod chord length T is defined as: 
4 QT
P??                                   (Eq. 3) 
where P is the Porod constant given by 4( )I q Pq??  (Porod’s law describes the decay of 
intensity for large values of q), and Q  represents the integrated area under the 2 ~Iq q  plot. 
Here T is used as the definition of the mean crystal thickness without any assumption of the 
particle shape. Based on this, the actual thickness of the crystals can be calculated by taking 
further factors (e.g. volume fraction) into account. The length (period) of the scattering 
objects forming phase 1 ( 1l ) and of phase 2 ( 2l ) in a two-phase system is defined as [27] 
           1
1(1 )
Tl ?? ?           and       2 1
Tl ??                   (Eq. 4) 
where 1?  is the volume fraction of the scattering object. T can be interpreted as an average 
measure of the thickness and is close to the smaller dimension of the two phases. With the 
knowledge of 1? , T can be used to deduce the thickness of the scattering objects, with 1l  or 
2l  used as the guideline values for the mean thickness of crystallites. 
b) Degree of alignment 
The degree of alignment ( ? ) of HAp crystallites (percentage of aligned particles) can also 
be determined from the SAXS patterns. It should be noted that for the enamel, due to the 
dense distribution of crystals, the shortest range electron density changes occur in the gaps 
between crystalline particles, giving rise to the scattering signal [28]. The high volume 
fraction of HAp crystallites in enamel implies highly aligned tight packing, so that the 
orientation of the gaps between HAp crystallites corresponds closely to that of the HAp 
  
crystallites within the rods [28]. Thus, the information obtained from the value of ?  that 
describes the degree of alignment of the inter-crystallite gaps can be used to deduce the 
degree of alignment of HAp crystallites in enamel. 
 Figure 1c gives an example SAXS pattern of enamel at room temperature. In order to 
quantify the degree of alignment, SAXS patterns were integrated over all spanned scattering 
vectors q, resulting in a function ( )I ?  that depends on the azimuthal angle?  [29, 30]. The 
degree of alignment was determined as the ratio of the peak area to the overall area under the 
curve of ( )I ? , as has been explained and illustrated in previously published work [21]. The 
value of the degree of alignment ranges from 0 to 1, where 0? ? indicates no predominant 
orientation within the plane of the section (normal to the beam) and 1? ?  indicates a perfect 
alignment of all crystallites [29, 30].  
c) Scattering object analysis 
The scattering contrast in SAXS arises mainly due to the fluctuation of electron density. 
The intensity of SAXS signal is proportional to the square of the difference of electron 
density between the scattering object(s), as well as the volume fraction of the scattering 
object(s) [27] 
2
1 2 1 1( ) (1 )? ? ? ? ?? ? ?                          (Eq. 5) 
where ?  is the mean square fluctuation of electron density, 1?  and 2?  are the electron 
densities of the two scattering phases, and 1?  is the volume fraction of the scattering object(s) 
as defined in Eq. 4. According to the Babinet principle [27], in terms of scattering a system 
with a relatively low volume fraction of particles is equivalent to the dense system filled with 
particles but having the same volume fraction and arrangement of voids (i.e. the low density 
phase). In the former system, the particles act as scattering objects, whereas in the latter it is 
the voids. 
 
  
3. Results 
3.1. WAXS data 
3.1.1. d-spacing variation 
The thermally induced variation of d-spacing of HAp crystallites in human dentine and 
enamel samples is illustrated in Figures 2a & b. This is observed to be almost reversible 
during heating and cooling, although a visible drop at ~200oC is seen in the plot for dentine. 
In contrast, the synthetic HAp powders display a distinct irreversible change of d-spacing (see 
Figure 2c). 
3.1.2 Crystal perfection  
The sharp diffraction peaks of the natural enamel and the synthetic HAp powders show 
very small changes during the heating process (Figures 2d & f). In contrast, the diffraction 
peaks of natural HAp crystallites in dentine are broad as shown in Figure 2e. Furthermore, it 
is obvious that the peaks start to split and sharpen as temperature increases, which indicates 
that the perfection increases remarkably during the heating, similar to the behaviour found in 
human bone [16, 20]. During cooling the degree of crystal perfection remained unchanged for 
all three materials. The peaks were indexed by reference to standard HAp patterns (JCPDS 9-
432) [31]. 
3.1.3. Crystalline length  
The interpretation of the (002) peak width provides information on the evolution of the 
crystallite length. Figures 3a-c demonstrate the variation of the normalized crystallite length 
of HAp crystallites in dentine and enamel and in synthetic HAp powders, with the value at the 
initial temperature serving as the reference (unity). Overall, not much change is observed in 
the HAp crystallite length in the enamel, although some oscillation is seen at medium 
temperatures (from ~300oC to ~600oC). In dentine, the HAp crystalline length remains almost 
constant until above ~600oC. Upon further heating, a significant length increase occurs, 
followed by the size remaining almost constant during cooling. In synthetic HAp powders, 
however, an apparent change of crystallite length occurs above ~500oC. The thermal history is 
  
different from that in dentine, with the crystallite length continuing to grow even during the 
cooling process (see Figure 3c). 
3.2. SAXS data 
3.2.1. Scattering intensity and volume fraction variation 
In the context of the Babinet principle, initially the scattering objects in the dentine and 
synthetic HAp polycrystalline samples are the HAp crystallites. In contrast, in the enamel, 
initially the scattering objects are the gaps between HAp crystallites filled with organic matter. 
However, due to the gradual denaturing and disappearance of the organic matrix as well as the 
accompanying process of crystal growth, the scattering objects in the dentine and HAp 
polycrystalline samples may also change to gaps. In order to verify the hypothesis that such 
change in the nature of the scattering objects in human dentine and synthetic HAp 
polycrystalline samples indeed takes place, the overall intensity variations from the SAXS 
patterns of the human dentine, enamel and synthetic HAp polycrystalline samples are plotted 
in Figures 4 a-c using open markers. The overall low intensity for the enamel sample indicates 
that the volume fraction of the scattering objects (gaps between crystallites) remains low. As 
for dentine and synthetic HAp crystallites, the observed large increase in the intensity 
coincides with the stage at which the HAp crystallites undergo fast growth, as reflected in the 
crystalline mean thickness plots in Figures 3 e and f.  
Meanwhile, the volume fraction of the scattering objects, the HAp crystallites also 
increases until the transition temperature (~612oC for dentine and ~745oC for synthetic HAp 
powders). At this point the increased volume fraction of particles (and the reduced volume 
fraction of gaps) leads to the gaps between particles becoming the principal scattering objects, 
resulting in the dramatic decrease of intensity. 
3.2.2. Crystalline mean thickness with constant volume fraction 
The normalized crystallite mean thickness results for samples was calculated by SAXS 
interpretation using constant volume fraction of constituent phases (Figures 3d-f). During the 
heating process, a hump is observed in Figure 3e for dentine at ~300oC. Upon further heating, 
the mean thickness starts to increase in the range from ~500oC to ~700oC. This is followed by 
  
a slight decrease up to ~900oC. The mean thickness remains almost constant during cooling. 
The variation for the synthetic HAp powders (Figure 3f) is similar, but appears smoother 
compared with that of HAp crystallites in dentine (Figure 3e). Crystal growth in dentine 
appears to be faster than in the synthetic HAp powders. In addition, no obvious hump is 
observed at low temperature in the graph of the synthetic HAp powders (Figure 3f). As for the 
mean thickness variation of HAp crystallites in the enamel, a drop is visible at low 
temperature (Figure 3d). Beyond this drop, the overall variation is much smaller compared to 
the results for dentine and synthetic HAp crystallites. 
3.2.3. Crystalline mean thickness with varied volume fraction 
Based on the above analysis of the scattering objects, we postulate the variation of the 
volume fraction during heating and cooling as shown in Figure 4, starting with the initial 
volume fraction obtained by TGA analysis. The volume fraction is assumed to remain 
constant during cooling. Note that the dramatic changes of intensity observed are associated 
with the change of the principal scattering objects that occurs when the volume fraction 
passes 50%. By taking the volume fraction variation of HAp crystallites in dentine, enamel 
and the synthetic HAp polycrystalline sample into account, the updated results of the 
crystalline mean thickness based on Eq. 4 are shown in Figures 3 g-i.  
3.2.4. Degree of alignment 
Since the synthetic HAp powders were produced from powdered HAp crystallites, they 
show an orientation distribution that is close to random at all temperatures. Thus, only the 
evolution of the degree of alignment of HAp crystallites in dentine and enamel is presented 
(Figure 5). During heating, the overall degree of alignment of HAp crystallites decreases from 
0.75 to 0.29 in the enamel, and from 0.17 to 0.05 in dentine. In more detail, in enamel the 
degree of alignment remains almost constant at very low (~0-100oC) and very high 
temperatures (~800-900oC), while an increase occurs above ~300-400oC, followed by the 
decrease up to ~800oC. Contrary to the result for the enamel, dentine exhibited a longer low 
temperature range (~0-300oC) with constant degree of alignment. Afterwards, the evolution 
follows a similar trend to that in the enamel, with an increase from ~300-400oC and a 
  
decrease from ~400-800oC. However, a more dramatic decrease occurred at ~800-900oC 
compared with that in the enamel at the same temperature range. The degree of alignment 
remained unchanged during cooling. 
3.3. TGA 
Figure 6a shows the weight loss of dentine, enamel and the organic tooth sample (with 
most mineral content removed chemically) with increasing temperature. Two dramatic drops 
are visible in the pure organic tissue, at ~300oC and ~650oC respectively. Around 750oC the 
organic phase in the tooth almost completely disappears. As for dentine and enamel, the 
weight loss is observed to be less significant than in the pure organic tooth tissue. A dramatic 
drop is still apparent at ~350oC, and the rate of weight loss continues to decrease slowly at 
high temperature after ~750oC. The initial weight fraction of HAp crystallites in dentine and 
enamel can be calculated by monitoring the weight remaining at 750oC in dentine (70.3%) 
and enamel (95.8%), since the weight loss up to this temperature corresponds to that of water 
and the organic phase. Using the reported HAp density of 3.16 g/cm3 and the methods 
described in the literature [25], the initial volume fractions of HAp crystallites were 
calculated to be 45% (dentine) and 90% (enamel).  
 
 
 
 
 
 
 
 
 
 
  
4. Discussion  
The in situ thermal treatment in the current study revealed the complete history of the 
evolution of the ultrastructure of bio-apatite samples during a continuous heating-cooling 
schedule. In a previous ex situ study [9], only point-wise (in terms of temperature) and post-
treatment data could be collected. This led to a fragmented and incomplete picture of the 
process. In comparison, the present study provides reliable information on the sample heating 
history and ultrastructural response, with the consistency between samples assured by a 
degree of cross-comparison, full coverage of the entire temperature range, and complete 
observation of the cooling procedure.   
In general, SAXS patterns are more sensitive to the nano-scale structure, allowing the 
determination of the mean thickness of the crystallites by considering the scattering from two-
phase systems [19]. The precise nature of the particles involved (e.g. amorphous vs. 
crystalline) is not important in this instance. In contrast, WAXS information is extracted from 
crystal lattice diffraction, and its clarity depends on the degree of perfection of the crystallites.  
The principal outcome of quantitative analysis of SAXS and WAXS patterns was to reveal 
the temperature-dependent variation of the nano-structure (thickness, orientation and degree 
of alignment) of HAp crystallites, as well as the crystallographic properties (d-spacing, crystal 
perfection and length) variation during the heating and cooling processes. It is interesting to 
note how the observed evolution reflects the differences between dentine and enamel, and 
also the differences between the natural HAp crystallites embedded within organic matrix in 
human dental tissues, on the one hand, and synthetic HAp powders on the other. The role 
played by the organic matrix during heating is particularly important, as it turns out to govern 
the evolution of size and strain of HAp crystallites. It is also important to draw the conclusion 
that in order to evaluate the exposure temperature precisely (e.g. in forensic cases), enamel 
and dentine must be investigated separately: the analysis of the entire powdered tooth 
obscures the sharpness of ultrastructural variations in dentine and enamel [6, 32]. 
 
 
  
4.1. d-spacing variation 
In the case of unconsolidated and unconstrained thermal expansion and contraction during 
heating and cooling, the d-spacing variation curves shown in Figures 2 a-c would be fully 
reversible. The observed difference between the heating-cooling curves in Figure 2 may arise 
due to the existence and relaxation or development of residual micro-stresses, and in 
conjunction with structural and compositional (e.g. phase) changes. The reduction in the 
lattice spacing that occurs in dentine at low temperature (see the curves in Figures 2a and b), 
is likely to be related to the changes that take place in the organic matrix in dentine. The 
changes that occur in this matrix during heating are illustrated by the schematic diagram in 
Figure 6b. At low temperatures the organic matrix expands (swells) more than the HAp 
crystallites due to its superior thermal expansion coefficient [33]. As a result, the HAp 
crystallites experience compression (as marked by the red arrow in Figure 6b) that reaches a 
maximum when the protein matrix begins to denature at ~200oC. Above that temperature the 
protein matrix begins to burn off and gradually disappears with increasing temperature, which 
is consistent with the TGA plot in Figure 6a. In parallel with that the compression in the HAp 
crystallites becomes relieved and the crystallites experience additional expansion over and 
above the purely thermal strain.  
Furthermore, it appears that the synthetic HAp powders experience a larger initial residual 
stress than HAp powders found in human dental tissue (see Figures 2 a-c). Such difference 
may be the consequence of two phenomena. Firstly, during sample preparation, a significant 
compressive stress was applied to the HAp powder to obtain powder disks with a similar 
density to the dentine tissue. In contrast, in the human dental tissue samples some residual 
stresses may have been relaxed during the cutting of slices. Secondly, in the synthetic HAp 
powders the appearance of a new phase is observed above 760oC (β-TCP, tricalcium 
phosphate). Such decomposition of HAp crystallites to β-TCP has been reported [34]. The 
phase change leads to large and irreversible changes of the lattice parameters, providing an 
explanation of the considerable difference in the d-spacing traces during heating and cooling. 
It is noted that although the β-TCP has also been observed in dentine (900oC) and enamel 
  
(800oC) as shown in Figure 2 d & e, its concentration is very low, and its effect on d-spacing 
variation can be ignored within the bounds of experimental accuracy, so that the curves 
appear reversible. The different transformation temperatures indicate an intrinsic difference in 
the characteristics between the bio-apatites (like the HAp crystallites in dentine and enamel) 
and the pure synthetic hydroxyapatites. 
4.2. Crystal perfection  
A high degree of crystal perfection is observed in the enamel and synthetic HAp 
crystallites compared to dentine, as shown in Figures 2d-f. The difference arises from the 
different micro-morphology of HAp crystallites between the three materials studied. The 
improved perfection (sharper and stronger peaks) in the dentine with increasing temperature 
(see Figure 2e) is due to the sintering of HAp crystallites that takes place at high temperatures 
(above ~800oC). During the heating process, as the organic matrix is gradually burnt off, the 
interlayers of adjacent HAp crystallites disappear. Further heating leads to crystal growth and 
annealing of crystal defects, resulting in the significant peak sharpening. Further 
crystallization of the amorphous part observed in bone alteration [16, 20] may also contribute 
to this effect.  
4.3. Degree of alignment  
The overall reduction of the degree of alignment in enamel and dentine during heating 
may be associated with the polydisperse distribution of the particles associated with the 
changes of crystalline size or shape at high temperature [20]. The initial stage of constant 
degree of alignment observed both in the enamel (RT-100oC) and dentine (RT-300oC) in 
Figure 5b may correspond to the absence of crystallite rotation or growth. Once the organic 
matrix begins to denature, a slight increase in the degree of alignment is noted at ~300-400oC 
for both dentine and enamel. Such increase corresponds to the gradual disappearance of the 
organic matrix accompanied by the relaxation of the residual strain. The greater reduction in 
the degree of alignment observed in dentine compared to enamel in the ~800-900oC range 
reflects the difference in the composite structures. At very high temperatures the degree of 
alignment in the enamel remains high, due to the highly directional structure of long prismatic 
  
HAp crystallites that remain aligned even after the organic matrix has been fully burnt off. In 
contrast, in dentine the disappearance of the large amount (~45% by volume) of organic 
matrix is likely to correspond to the loss of the supporting structure, causing the collapse and 
rearrangement of HAp crystallites that is associated with large rotation and anisotropic 
sintering. 
4.4. Intensity variation 
In the analysis of synchrotron-based SAXS data that has so far been reported in the 
literature, the volume fraction of HAp crystallites was always assumed to remain constant 
during heating [20]. However, the volume fraction in fact varies due to the burning off of the 
protein matrix, and the sintering of crystallites during heating (that influences the calculation 
of the mean crystallite thickness). The overall low intensity change indicates a small 
ultrastructural alteration, which may reflect the limited space for crystal expansion and 
growth within the enamel sample. The difference between the dentine sample and synthetic 
HAp powders is also reflected in the scattering behavior, where the comparatively lower 
value of intensity for dentine at low temperatures is likely to be associated with the presence 
of the protein matrix in dentine. Given the similar volume fractions of HAp crystallites in the 
two materials and close initial density values, the difference in the intensity is ascribed to the 
electron density contrast between the protein matrix and the crystals, which is smaller than 
that between gaps and the crystals (see Eq.5).  
4.5. Crystallite size determined by SAXS/WAXS 
Combined with the WAXS characterization on the length calculation of HAp crystallites, a 
schematic illustration of how the crystallite dimensions change in the dentine and enamel 
during heating is depicted in Figure 7. Two temperature ranges are identified based on the 
processes taking place in the organic matrix (the separation temperature is around 500oC). As 
the organic phase gradually disappears, in “temperature range II”, crystal growth becomes 
unconstrained. Unlike the crystals in enamel, it is also observed that the crystallites in dentine 
gradually become misaligned, as indicated by the drop in the degree of alignment. Similar 
phenomena have been observed in ex-situ bone characterization [35]. 
  
It is interesting to observe that in the synthetic HAp powders, continued sintering takes 
place during high temperature hold and even continues during cooling. This is probably due 
to the fact that sintering is driven by the overall change in the free energy of the system [36].  
5. Conclusions 
The effects of in situ heat treatment on the hydroxyapatite (HAp) crystallites (human 
dental tissues) and synthetic HAp crystallites were explored using combined synchrotron 
based small/wide angle X-ray scattering (SAXS/WAXS) techniques. From the quantitative 
analysis of SAXS and WAXS patterns, multi-scale characterization of the hierarchical 
structure of enamel and dentine allows establishing the temperature-dependent variation of 
the nano-structural parameters (thickness, orientation and the degree of alignment) of HAp 
crystallites from SAXS and crystallographic properties (d-spacing, crystal perfection and 
length) from WAXS during the heating and cooling processes. The results generally reflect 
the difference between dentine and enamel, natural and synthetic HAp crystallites. In the 
analysis presented, the emphasis is placed on understanding the role of the organic matrix 
during heating. An important observation is made of the fact that the scattering object may 
change with the volume fraction variation of HAp crystallites during heating. 
In conclusion, the synchrotron-based combined SAXS/WAXS analysis has been shown to 
be a powerful method for the determination of nano-structure variation induced by thermal 
treatment in human enamel and dentine, as well as in synthetic HAp crystallites. The in situ 
thermal treatment conducted in the present study covered the entire relevant temperature 
range and revealed the complete continuous history of ultrastructure evolution within a single 
sample during a continuous heating-cooling schedule. It was clearly demonstrated that 
insignificant structural changes occur during cooling, indicating that relevant conclusions can 
be drawn when dental remains samples are analysed as part of archaeological or forensic 
studies. The approach to the study of ultrastructural alteration in skeletal hard tissues exposed 
to in situ thermal treatment developed in the present study provides a better, more reliable 
basis for deducing the heating history compared with conventional methods based on the 
monitoring the macro- and microstructural colour [6, 7, 37]. Furthermore, it allows the 
  
interaction between the mineral crystallites and the organic phase during heating to be 
captured. These advantages show the superior utility of in situ thermal treatment analysis over 
previous ex situ tests. Statistical error analysis of multiple measurement points in dentine 
confirmed the reliability of the conclusions drawn. The results of this work will also be 
beneficial to the optimization of the laser fluence used in dental practice, and in the future 
design of biomimetic materials. 
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 Figures 
 
Figure 1  
(a) Schematic illustration of the in situ SAXS/WAXS experimental set-up that ensured that the WAXS 
and SAXS patterns were collected simultaneously. (b) A representative WAXS pattern showing the 
Debye-Sherrer ring corresponding to the (002) peak indicated by the red arrow. On the ring, the section 
along the y-axis in (a) was “caked” (see text) with a 20o range in order to capture the peak shift upon 
heating and cooling process. (c) A representative SAXS pattern. The dark region in the middle is the 
beamstop. The ellipsoidal shape of the pattern indicates a partial alignment of HAp crystallites. The 
pattern for randomly distributed crystals is a round disc with the outline marked with red dashed circle. 
(d) and (e) illustrate the different heating and cooling protocols used for the human dental slice samples 
and the synthetic HAp powders sample. 
  
 
 
 
 
Figure 2  
(a)-(c) The changes in the d002-spacing of HAp crystallites in enamel, dentine and synthetic HAp 
powders samples, respectively, during heating and cooling stages (heating: red points; cooling: blue 
points). Intensity variation upon heating and cooling, caused by (d) HAp crystallites in enamel; (e) 
HAp crystallites in dentine and (f) synthetic HAp powders. The red marks in (f) indicate the occurrence 
of two new peaks.    
 
 
 
 
  
 
 
 
 
Figure 3  
(a)-(c) The variation of the normalized length of HAp crystallites in human enamel, dentine and 
synthetic HAp powders (red points for heating and blue points for cooling). (d)-(f) The normalized 
mean thickness (with constant volume fraction) of HAp crystallites in enamel, dentine and synthetic 
HAp powders. (g)-(i) The normalized mean thickness accounting for the mineral volume fraction 
variation of HAp crystallites in enamel, dentine and synthetic HAp powders. 
 
 
 
 
 
 
 
 
 
 
 
  
 
Figure 4  
The correlation of the peak intensity variation from SAXS patterns with the mineral volume fraction 
for (a) human enamel (b) human dentine and (c) synthetic HAp powders. Open purple markers (heating) 
and open blue markers (cooling) in (a)-(c) represent the results obtained from constant mineral volume 
fraction, while the red points (heating) and blue points (cooling) in (a)-(c) correspond to the results 
obtained with the variation of mineral volume fraction taken into account. 
 
 
 
 
Figure 5  
The variation of the degree of alignment of HAp crystallites upon heating/cooling in (a) human enamel 
and (b) human dentine (red points for heating and blue points for cooling). 
 
  
 
 
Figure 6  
(a) TGA plot of weight loss of dental tissues: pure organic tooth with the inorganic content removed 
(black line), dentine (red line) and enamel (blue line). (b) A schematic diagram of the ultrastructural 
alteration of organic matrix and HAp crystallites in human dentine upon heating. The process begins 
with the superior thermal expansion of the organic matrix compared with the HAp crystallites, resulting 
in compression of HAp during heating (red arrow). The compression will relaxes gradually as the 
organic matrix begins to denature and burn off, leading to the additional expansion in the HAp 
crystallites in excess of the pure thermal strain. 
 
 
 
Figure 7  
A schematic illustration of the size variation of HAp crystals within human enamel and dentine upon 
heating. The crystals in enamel are needle-shaped while those in dentine are platelet-shaped. In 
temperature range I, the interaction between crystals and the protein matrix occurs, while in 
temperature range II, the protein matrix gradually disappears and the interaction is weakened. 
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a b s t r a c t
Human enamel is a typical hierarchical mineralized tissue with a two-level composite structure. To date,
few studies have focused on how the mechanical behaviour of this tissue is affected by both the rod
orientation at the microscale and the preferred orientation of mineral crystallites at the nanoscale. In this
study, wide-angle X-ray scattering was used to determine the internal lattice strain response of human
enamel samples (with differing rod directions) as a function of in situ uniaxial compressive loading.
Quantitative stress distribution evaluation in the birefringent mounting epoxy was performed in parallel
using photoelastic techniques. The resulting experimental data was analysed using an advanced
multiscale Eshelby inclusion model that takes into account the two-level hierarchical structure of human
enamel, and reﬂects the differing rod directions and orientation distributions of hydroxyapatite crystals.
The achieved satisfactory agreement between the model and the experimental data, in terms of the
values of multidirectional strain components under the action of differently orientated loads, suggests
that the multiscale approach captures reasonably successfully the structure–property relationship
between the hierarchical architecture of human enamel and its response to the applied forces. This novel
and systematic approach can be used to improve the interpretation of the mechanical properties of
enamel, as well as of the textured hierarchical biomaterials in general.
 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction
The increasing need to understand and predict the effect of
structural alterations on the performance of dental tissues and
their artiﬁcial replacements arises both in the context of clinical
treatment, and the development of novel dental prosthetic
materials [1]. The elucidation of the dependence of the mechanical
behaviour of human enamel on its complex hierarchical structure
remains a challenging task. Two different length scales dominate
the structure and the mechanical behaviour of the enamel: At
the microscale, 5 lm diameter keyhole-like cross-section aligned
prisms (or rods) are oriented towards the crown of the tooth [2]. At
the nanoscale level, the rod is known to be a composite made from
needle-like biological hydroxyapatite (HAp) crystals (25–30 nm
thick and of length known to be more than 1000 nm, or even
spanning the entire thickness of the enamel layer) [3,4], which
are held together by the protein matrix between the rods [5–7].
The orientation of HAp needle-like crystals within the rod is known
to be a gradual variation on the length scale of the rod diameter
[8,9].
The focus of most research to date has been on the mechanical
properties of the enamel at the macroscale, with microstructural
effects rarely taken into account [2,10]. Very few studies have
focused on the multiscale analyses required to determine the
inﬂuence of the nanoscale structure on the macroscopic mechani-
cal response [11]. In fact, both the crystal shape and orientation of
the mineral phase nanocrystals have previously been shown to
have an effect on the anisotropy of overall stiffness and strength
[12]. Therefore, in order to establish a ﬁrm understanding of this
hierarchical structure–property relationship, further application
of advanced nanoscale techniques and the formulation and reﬁne-
ment of systematic models are required.
Synchrotron-based wide-angle X-ray scattering (WAXS) is a
non-destructive analytical technique used to quantify the internal
strain of atomic lattices on (poly)crystals, both residually stressed
and subjected to external loading in situ [13,14]. In addition, WAXS
techniques are able to reveal quantitative information about the
orientation distribution of crystals (texture) [15]. For example,
recent applications of WAXS include the determination of the
1742-7061/$ - see front matter  2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.actbio.2013.09.043
⇑ Corresponding author. Tel.: +44 18652 83447; fax: +44 18652 73010.
E-mail address: tan.sui@eng.ox.ac.uk (T. Sui).
Acta Biomaterialia 10 (2014) 343–354
Contents lists available at ScienceDirect
Acta Biomaterialia
journal homepage: www.elsevier .com/locate /actabiomat
mechanical behaviour of mineralized biological composites such as
bone and bovine teeth [14,16–18] while simultaneously providing
insight into the crystallographic parameters and textures of such
materials [8]. The strain distribution across the amelo-dentinal
junction (ADJ) in bovine teeth was investigated by Almer and Stock
[16]. However, this was limited to the strain in the loading direc-
tion [16,19]. In practice, the external mastication load is not per-
fectly aligned with the longitudinal direction due to the complex
tooth geometries (e.g. on transverse ridges and cusps in ﬁrst mo-
lars), and also due to the local orientation variation of HAp crystals
within the rods. Therefore, the analysis of the relationship between
the orientation of the applied load and strain needs to be sought.
Moreover, the studies reported earlier did not take into account
the nanoparticle distribution effect on the mechanical response.
In addition, very few studies devoted to human enamel have ever
been published [20]. It is therefore unsurprising that there is a lack
of understanding of the effects of different growth histories, spe-
cies or race on the mineralized tissue morphology, and the corre-
sponding mechanical properties [21].
In order to carry out the in situ mechanical loading experiments
in a versatile manner, i.e. allowing different directions of loading
with respect to the preferred directions of structural orientation
within the tissue, the sample was embedded in a photoelastic
epoxy disk. The enamel cubes studied in our preliminary experi-
ments could not withstand high external load applied by direct
compression between the platens. Without the protection of the
epoxy disk, samples were likely to develop local stress concentra-
tions and/or microcracks that reduce the accuracy of measuring
the mechanical behaviour of enamel. Furthermore, due to its bire-
fringent properties, epoxy offers the possibility of deducing infor-
mation about the stress distribution around the sample using
photoelastic techniques. Photoelasticity is a non-destructive,
whole-ﬁeld method widely applied in stress distribution analysis.
The fringe pattern arises when the sample is viewed between
crossed polarizing plates, with the colour or brightness of the
fringe being related to the difference between the principal stres-
ses, which is in turn proportional to the maximum shear stress,
or Tresca stress, in the material [22]. We combine the photoelastic
analysis technique with WAXS analysis during in situ loading in
order to establish the relationship between the external stress dis-
tribution and the internal crystal lattice strain.
A number of different models of composite deformation have
been previously used to describe the elastic response of mineral-
ized biological tissues that arises through the interaction between
different constituent phases [11]. This approach also allowed the
unknown properties of the component phases to be determined
[23]. However, these models mainly focused on the analysis of
deformation in only one direction (loading direction) and therefore
were not able to provide adequate consideration of the elastic
anisotropy. Recently, a multiscale Eshelby inclusion model has
been established and successfully applied for the evaluation of
the mechanical response of human dentine [12] and of the enamel
subjected to compression along the longitudinal direction of the
rods [19] by capturing the relationship between the nanoscale
structure and the macroscopic loading. The multiscale modelling
approach was shown to capture the micromechanical response
reasonably well using the two-level hierarchical description of
the structure of dentine and enamel, with each level consisting
of an isotropic matrix and a group of anisotropic inclusions.
In this study, in situ photoelasticity and synchrotron WAXS
techniques were applied simultaneously to measure the applied
stress, the internal HAp crystalline orientation distribution and
the elastic lattice strain for three samples of human enamel. The
samples were prepared so that the primary rod direction was at
a different orientation with respect to the external compressive
loading that was applied diametrically to the epoxy disk containing
the tissue sample (see Fig. 1). The multiscale Eshelby inclusion
model was then applied to the analysis of the results, and the
capability of the model to capture the relationship between the
nanoscale structure and macroscopic loading was investigated.
2. Materials and methods
2.1. Sample preparation
Freshly extracted human third molars with no apparent dam-
age, caries or other dental treatments were used for this study
(ethical approval obtained from the National Research Ethics Com-
mittee; NHS-REC reference 09.H0405.33/Consortium R&D No.
1465). An enamel disk 2 mm thick was cut from the each tooth
using a low-speed diamond saw (Isomet Buehler Ltd., Lake Bluff,
IL, USA) and further prepared into smaller bars. A series of polish-
ing papers were used to reﬁne the ﬁnal 2 mm  2 mm  2 mm
cube of enamel. The cubes were placed in the centre of a 12 mm
diameter cylindrical mould and embedded in epoxy resin (Buehler
Epokwick, ITW Test & Measurement GmbH, Dusseldorf, Germany).
The disks’ surfaces were subsequently polished to expose the en-
amel surfaces.
In total, the three cubic enamel samples were prepared (desig-
nated #6, #7 and #3) with different rod directions with respect to
the loading direction (x-direction in Fig. 1a). The predominant
direction of rods in sample #6 was parallel to the loading direction
with rods lying in the x–y plane, in sample #7 it was perpendicular
to the loading direction with rods lying in the x–y plane, and in
sample #3 it was perpendicular to the loading direction with rods
lying in the y–z plane.
2.2. In situ X-ray diffraction measurements
2.2.1. Photoelasticity setup
A Sharples S-12 demonstration polariscope was used to collect
the in situ photoelastic images. The setup consisted of light source,
polarizers, quarter-wave plates and a digital SLR camera as shown
in Fig. 1. The quarter-wave plates remained crossed and polarizers
were aligned crossed to establish the dark ﬁeld. A green-light ﬁlter
was also placed between the light source and the camera lens in
order to obtain monochromatic fringes to simplify the analysis. A
solid epoxy disk (without the sample in the centre) produced from
the same batch of epoxy resin was used as a common calibration
specimen.
2.2.2. Mechanical loading setup
A schematic diagram of the experimental setup is shown in
Fig. 1a. The epoxy disk which contained the cubic sample of human
enamel was slowly deformed along the x-direction in laboratory
coordinates (Fig. 1a). Compressive loading was applied along the
x-direction at the load levels from 0 to 400 N using a remotely
operated and monitored compression rig (Deben, Suffolk, UK) with
a 5 kN calibrated load cell. The rig was equipped with custom-
made jaws, allowing a high-energy transmission X-ray setup to
be used. The load was incrementally increased (in 25 N steps and
a loading rate of 3.8 N s1) and held constant while the WAXS
and photoelastic patterns were collected.
2.2.3. Beamline diffraction setup
The experiment was performed on the B16 test beamline at
Diamond Light Source (DLS, Oxford, UK). A monochromatic X-ray
beam of 20 keV photon energy (wavelength: k = 0.062 nm) was
collimated by slits to a spot size of 0.5 mm  0.5 mm. Radiographic
images of the samples were initially used to align the samples and
determine the position of interest. The incident beam on the
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sample was perpendicular to the loading direction. Space restric-
tions of the beamline meant that the sample had to be translated
laterally from the WAXS conﬁguration into the photoelastic setup
at each consecutive loading increment. WAXS diffraction patterns
were recorded using a Photonic Science Image Star 9000 detector
(Photonic Science Ltd., UK) which was placed 177.33 mm
downstream of the sample. A lightly compacted disk of NIST
standard silicon powder was used for precise calibration of the
sample-to-detector distance using diffraction pattern analysis [24].
2.3. Data analysis
2.3.1. Photoelasticity data analysis [22]
The use of a diametrically loaded disk is a standard calibration
technique which can be used either to obtain the photoelastic
properties of the birefringent material, or to determine the calibra-
tion constants if these properties are known. The fringe constant of
the material is deﬁned as:
f ¼ 8
pD
P
N1
; ð1Þ
where D is the diameter of the epoxy disk (12 mm), N1 is the num-
ber of fringes for the calibration sample and P is the applied load
(N). In order to obtain an estimate for f, a series of known loads
was applied to an empty epoxy disk and the corresponding fringe
numbers recorded. An average value for f was then determined by
taking the mean of the f term calculated at each load.
The stress distribution in the disk is characterized in terms of
the difference between the principal stresses (or Tresca shear
stress) using the following expression:
r2  r1 ¼ N2 fh ; ð2Þ
where h is the thickness of epoxy (2 mm), and N2 is the number of
fringes for the sample of interest. The deformation state of the
plate-shaped epoxy corresponds closely to the plane stress state
approximation in two-dimensional photoelasticity. Since the
loading was applied along the x-axis, with the epoxy disk lying in
the x–y plane, the principal stresses were r1 < 0, r2 > 0 and r3 = 0.
2.3.2. WAXS data analysis
WAXS analysis relies on interpreting the shift of the diffraction
peaks obtained from a bundle of HAp crystals, so that the average
lattice strain in the crystals can be deduced [13,25]. Typical WAXS
patterns of HAp are shown in Fig. 2a–c and only the peaks of inter-
est were selected for interpretation (#6 (002) peak, #7 (002) peak
and #3 (210) peak). For samples #6 and #7, the (002) lattice plane
reﬂection ring from HAp contains information on the orientation of
the c-axis of the crystals as well as the ﬁbril orientation. This is due
to the fact that the enamel structure has a characteristic strong and
distinct parallel orientation of needle-shaped crystals [14]. For
sample #3 the c-axes of the crystals lie perpendicular to the mea-
surement plane, so that the (002) peak is absent or weak. There-
fore, another peak (210) needed to be selected. At each
compressive loading step, the X-ray eye detector was used to verify
the central position. The Deben compression rig applied the load
by displacing the two platens in a balanced way, so as to preserve
the centre position approximately stationary. This ensured that a
consistent sample position in the centre of the sample was interro-
gated throughout the WAXS data collection. The elastic lattice
Fig. 1. Schematic diagram of the experimental setup composed of (a) synchrotron beam setup and (b) photoelastic setup. The sample was subjected to uniaxial compressive
loading on the compression stage along the x direction. The monochromatic X-ray beam was collimated by slits and oriented perpendicular to the sample surface and the
loading direction. An X-ray eye detector was used to ensure that the beam was illuminating the cetral position of the enamel specimen. At each detection point, following
centring, the X-ray eye detector was translated laterally out of the beam to expose the WAXS detector. WAXS diffraction patterns were recorded at each loading step in three
locations on the sample. After each WAXS pattern collection, the compression stage was laterally translated to the photoelastic setup to collect the photoelastic patterns.
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Fig. 2. (a)–(c) Representative WAXS patterns of Debye–Scherrer rings with differing intensities corresponding to each of the three samples (#6, #7 and #3, respectively). The
dark region in the centre of the pattern is the beamstop. The direction with the red dashed double-arrow lines in (b) and (c) indicates the preferred orientation of HAp crystals.
Multiple angles with respect to the x-axis were caked (within a 20 range) in order to examine the normal strain variation (red crosses). (d)–(f) The experimental diffraction
pattern of integrated intensity vs. scattering angle 2h of the three samples (#6, #7 and #3, respectively); the peaks of interested are marked in red. (g)–(i) Schematic
illustration of the ﬁrst-level geometric model of aligned rods with embedded HAp crystals in the three samples with respect to the laboratory coordinate system; the loading
direction is into the page. (j–l) Schematic illustration of the second-level geometric model of HAp crystals with different crystalline distributions viewed in the x–y plane (#6:
with the preferred orientation at 8; #7: with the preferred orientation at 91; #3: random). (m, n) The intensity variation with the Gaussian ﬁt (red curve) corresponding to
the orientation distribution of samples #6 and #7.
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strain of HAp crystals was calculated from the changes in the
interplanar spacing [26]:
e ¼ dhkl  d
0
hkl
d0hkl
; ð3Þ
where dhkl is the deformed d-spacing of the lattice planes with the
Miller index {hkl}, and d0hkl is the strain-free d-spacing value for
the same set of planes.
The data analysis procedure involved pre-processing the 2-D
diffraction using Fit2D [27]. Initially the peak of interest on each
pattern was ‘‘caked’’ (a term used to refer to the selection of a sec-
tor in the radial-azimuthal coordinates of each pattern, and bin-
ning the data to obtain the equivalent 1-D radial pattern) within
a range of 20. The azimuthal angle is deﬁned as the angle with re-
spect to the x-axis in the x–y plane (perpendicular to the incident
beam). For each specimen, a different azimuthal range was se-
lected due to the preferred orientation of crystallites in the sample
(for sample #6 between 0 and 45, for sample #7 between 45 and
90, and for sample #3 the available range was between 0 and
90). This is indicated by the red crosses in Fig. 2a–c. The lattice
spacing value deduced for the centre direction of each caked sector
gives rise to the normal strain value for the corresponding orienta-
tion (see Fig. 2a–c). To determine the lattice spacing, the experi-
mental diffraction pattern was converted to integrated 1-D plots
of intensity vs. scattering angle. These plots for the three samples
with peaks of interest are shown in Fig. 2d–f. The peaks of interest
were ﬁtted with a Gaussian function in order to obtain the peak
centre. With increasing load, the peak centre position moved with
respect to the strain-free reference value. Finally, the calculation of
the HAp elastic lattice strain was performed using Eq. (3).
The orientation of the HAp crystals was also carried out using a
similar ‘‘caking’’ approach. In this case, the 1-D intensity was plot-
ted as a function of azimuthal angle IWAXS (u)  uWAXS (Fig. 2m and
n). Gaussian ﬁtting of the azimuthal centre position of these peaks
of plots can then be used to deﬁne an associated orientation [8].
3. Modelling
3.1. Finite-element analysis
The ﬁnite-element package ABAQUS v. 6.9 was used to simu-
late the stress distributions and to obtain the associated photoelas-
tic patterns. Direct comparison of photoelastic patterns between
model and experiment provides a way of simultaneously verifying
the correctness of the macroscopic properties (of epoxy and enam-
el) as well as the mechanical model of the stress distribution with-
in the epoxy disk around the enamel samples. In order to visualize
the photoelastic fringe patterns the ‘‘Tresca equivalent stress’’
rTresca was selected as the output parameter. Initially a simulation
of the solid photoelastic epoxy disk (the calibration specimen) was
developed using a model of 12 mm diameter and 2 mm thickness.
The elastic constants of the epoxy were identiﬁed by comparing
rTresca contour plot with the fringe patterns observed at different
loads.
In order to model the enamel sample (2 mm  2 mm  2 mm),
a cubic inclusion was introduced and embedded in the centre of
the epoxy disk with the isotropic elastic constants obtained from
the calibration. The experimentally applied loads were introduced
on the edge of the epoxy model and the stress distribution around
the sample (in the x–y plane in global coordinates) was recorded.
The tractions present at the boundary of the enamel inclusion ob-
tained from this model were then used for the externally applied
stress values in the Eshelby model.
3.2. Geometrical assumptions
The geometrical assumptions used in the enamel model have
been justiﬁed in our previous studies. An outline of these assump-
tions at this stage is given here [19]. At the ﬁrst structural level, the
geometric model of human enamel involves aligned rods with a
keyhole-shaped cross-section. The second-level structural consists
of the bundles of HAp needle-shaped crystallites found within each
rod. These bundles are roughly aligned with the longitudinal direc-
tion of the rods with some minor misorientations. The degree of
misorientation can be determined from careful WAXS data inter-
pretation. This analysis assumes that the peak intensity at a given
azimuthal angle is proportional to the number of HAp crystals of
this orientation [28].
The orientation distributions of the rods in the enamel samples
were derived from the analysis of experimental data and are illus-
trated in Fig. 2g–i. Furthermore, the predicted distributions of nee-
dle-shaped HAp crystals (in the measured cross-section,
perpendicular to the beam direction) are shown in Fig. 2j–l in
which the misorientation distribution is based on the intensity
plots in Fig. 2m and n. The principal orientation of sample #3 is
aligned so that orientation component is observed perpendicular
to the beam, and therefore no equivalent plot is produced.
In the multiscale Eshelby model, both structural levels are con-
sidered as non-dilute systems consisting of a number of inhomoge-
neous inclusions (rods at the ﬁrst level and HAp crystals at the
second level). For simplicity, both rods and HAp crystals are as-
sumed to be of cylindrical shape. Therefore, the classical solution
for inclusion in the form of a cylinder is used to simulate both
the needle-shaped rods and the individual HAp crystals. In the
Eshelby approach, the cylinder is approximated by a prolate spher-
oid described by the three dimensions, a1, a2 and a3, where
a1 = a2  a3, i.e. the cross-section of the ellipsoid perpendicular
to its longest axis is a circle [29]. The crystal c-axis (corresponding
to the (002) peak) of the needle-shaped HAp crystals is normal to
this cross-section of the cylinder, i.e. is aligned with the a3 direc-
tion [28]. In the next section a detailed derivation and discussion
of the model formulation and implementation is introduced.
3.3. Multiscale Eshelby model
Based on the hierarchical structure of enamel, a two-level
Eshelby inclusion model can be used to demonstrate how the
HAp crystals respond to external macroscopic loading. The original
Eshelby solution gives the analytical expressions for the elastic
ﬁelds around an ellipsoidal inclusion embedded in an inﬁnite iso-
tropic matrix that has the same elastic properties as the inclusion,
but there is a misﬁt or mismatch strain (eigenstrain) between the
inclusion and the matrix [30].
Eshelby introduced a tensor S that only depends on the inclu-
sion shape and the Poisson’s ratio of the matrix. For an inhomoge-
neity with a different stiffness from the matrix, the elastic ﬁeld can
be found using an equivalent inclusion method. This formulation
regards the inhomogeneity as equivalent to an inclusion with an
appropriate virtual misﬁt strain which needs to be determined.
The function of the virtual misﬁt strain is to satisfy the equivalence
where the elastic ﬁeld of the inhomogeneity is identical to that of
the equivalent inclusion. In this way the classical Eshelby theory
can be used to determine the elastic ﬁeld of any kind of inhomoge-
neity. This formulation has greater generality and includes the case
of rods or HAp needle-like crystals (long cylinders) embedded in
the isotropic protein matrix. In the next section, the multiscale
model for enamel is brieﬂy introduced, while a detailed derivation
of the basic theory is given in the Appendix.
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3.3.1. First-level model: multiple aligned rod inclusions within the
enamel sample
The purpose of the ﬁrst-level model for human enamel, which
describes multiple aligned rod inclusions within enamel, is to
establish the elastic relationship between the externally applied
stress rA and the stress in the rod-like inclusions rinclusion = rrod.
According to the Eshelby model derivation [30], the stress in the
rods at the ﬁrst structural level of consideration can be written as:
rinclusion ¼
n
T  ð1 f1ÞCmatrixðS1  IÞ ðCmatrix  CrodÞ½S1  f1ðS1  IÞf
 Cmatrixg1ðCmatrix  CrodÞTTC1matrix
o
rA
or, expressed more simply:
rinclusion ¼ HrA; ð4Þ
where f1 is the volume fraction of rods, S1 is the Eshelby tensor for
the long cylinder simulating the rod shape, Cmatrix and Crod are the
stiffnesses of the protein matrix and the rod, and T is the tensor
transformation (rotation) matrix. T encapsulates the effect of the
three Euler angles that deﬁne the orientation of the rods with re-
spect to the ﬁxed laboratory coordinate system. The stiffness of
the rod in the simulation is initially unknown and is determined
from the second-level model.
3.3.2. Second-level model: partially aligned HAp inclusions within each
individual rod
In the second-level model, the relationship between the average
strain in the partially aligned HAp crystals (averaged within the
considered gauge volume) and the external stress (the rod stress
from the ﬁrst-level model) can be established as follows:
heiHApaligned ¼ fðIC1matrixhCiHApÞ
1½hS2i f2ðhS2i IÞ1 Ig
1
TT þTT
 
C1matrixrinclusion
or, expressed more simply:
rinclusion ¼ KalignedheiHApaligned; ð5Þ
where hCiHAp and hS2i are the average elastic stiffness tensor and the
Eshelby tensor for HAp crystals within the gauge volume, respec-
tively, and f2 is the volume fraction of the HAp crystals with a cer-
tain orientation THAp within the rods. The stiffness of a single HAp
has been reported to be transversely isotropic [31]. In Eq. (5), differ-
ent orientation angles (different THAp) would lead to different values
of heiHApaligned.
In order to evaluate the multidirectional normal strain compo-
nents, each azimuthal angle was taken to correspond to a group of
perfectly aligned HAp crystals, as illustrated by Eq. (5), with a cer-
tain volume fraction f2 and orientation THAp, where f2 is determined
from the WAXS intensity plot (Fig. 2m and n). In other words, the
bundled HAp crystals consist of a distribution of multiple groups
with different orientations and different volume fractions. Mean-
while, for each group, all the crystals are perfectly aligned, thus
hCiHAp and hS2i can be represented by the single-crystal values
hCiHAp = hCiHAp, hS2i = S2. Note that a single HAp crystal in the sec-
ond level can be regarded as a single inhomogeneity with nee-
dle-like shape, thus the Eshelby tensor for a single HAp should
be the same as the rod inclusion (S2 = S1).
Further, the stiffness of rod is obtained from the following
equation:
Crod ¼ C1matrix  f2fð~CHAp  CmatrixÞ½~S2  f2ð~S2  IÞ þ Cmatrixg
1n
 ð~CHAp  CmatrixÞC1matrix
o1
; ð6Þ
where ~S2 ¼ TTHApS2TTHAp is the transformed Eshelby tensor and
~CHAp ¼ T1HApCHApTTHAp is the transformed stiffness of aligned trans-
versely isotropic HAp crystals. Finally, the relationship between
the HAp strain and the overall external loading can be established
by the combination of Eqs. 4 and 5 and simpliﬁed Eq. (6) to give:
rA ¼ H1rrod ¼ H1KalignedheiHAp ¼ KheiHAp: ð7Þ
4. Experimental results and modelling evaluation
4.1. Finite-element modelling of photoelastic patterns
The photoelastic fringe patterns of solid epoxy disks and epoxy
with enamel embedded at the disk centre are shown in Fig. 3. The
results for Tresca stress distribution simulated in ABAQUS are
shown in Fig. 4. The stress variation along the edge of the samples
simulated in ABAQUS was not constant, but was concentrated
especially at the two corners. Direct comparison and matching of
the model to the photoelastic patterns for solid epoxy disks lead
to the isotropic elastic constants of epoxy disk being estimated to
be Eepoxy = 1.2 ± 0.015 GPa, tepoxy = 0.35 [32]. These parameters
were used for the samples with embedded enamel to calculate
the predicted normal stress distribution around the enamel inclu-
sion illustrated in Fig. 5a that corresponds to the maximum exter-
nal load of 400 N. At this applied load, the stress values were
Fig. 3. Photoelastic images of epoxy disks without (ﬁrst row) and with embedded enamel (second row) under a series of loading conditions. The number of fringes can be
seen to increase with load. The patterns on the ﬁrst row of solid epoxy disks were used as calibration in order to determine epoxy properties. The patterns on the second row
of epoxy with enamel sample were further used for the determination of the stress distribution around the cubic enamel inclusion. The fringe number is marked.
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averaged over all the boundary nodes of each enamel cube sample
edge. This uniform traction was applied in order to eliminate the
effect of the singular points or stress oscillations at corners, with
the result of 54.1 MPa in the x-direction and 0.27 MPa in the y-
direction. Therefore the sample loading condition was found to
be close to uniaxial. As expected, the average stress value applied
to the sample was also found to be linearly proportional to the va-
lue of the externally applied load, as shown in Fig. 5b.
4.2. Nanoscale HAp distribution and mechanical response of enamel
Fig. 2a–c respectively represent the typical WAXS patterns of
samples #6, #7 and #3, which consist of series of Debye–Scherrer
rings (peaks). The textured nature of enamel meant that only
limited azimuthal ranges within the rings could be captured in
samples #6 and #7. In contrast, in sample #3 the crystals were
approximately randomly distributed in the x–y plane, so that
complete rings were observed. Fig. 2m and n show the azimuthal
intensity variation within the available azimuthal ranges in the
measurement plane (x–y plane) in samples #6 and #7,
respectively. This provides information about the crystal orienta-
tion distribution, as described in Section 3.3. The preferred orienta-
tion direction of the basal plane in HAp crystals in samples #6 and
#7 is approximately perpendicular to the central bisector of the arc
of the peak of interest (see Fig. 2b and c). The precise values are
determined from the Gaussian ﬁt in Fig. 2m and n (red line). Since
the deformation considered is elastic, the assumption was made
that the crystal orientation remains unchanged, i.e. the peak cen-
tres found from the plots shown in Fig. 2m and n remain the same
at all applied loads.
In order to obtain the variation of the average normal elastic lat-
tice strain component of HAp crystals with applied load, the peak
shifts at different azimuthal angles were obtained from the WAXS
data through caking each pattern into 20 sectors. The available
range for each sample was different, as shown by the red marks
in Fig. 2a–c: in sample #6 between 0 and 45, in sample #7 be-
tween 45 and 90, and in sample #3 between 0 and 90. For each
of the samples, the elastic lattice strain as a function of applied
stress is plotted as the argument against the applied stress for dif-
ferent azimuthal angles in Fig. 6 (in which 0 represents the load-
ing direction). The experimental results indicate that, as expected,
there is an approximately linear relationship in each direction and
Fig. 4. ABAQUS simulation images of Tresca stress distribution of the epoxy disks without (ﬁrst row) and with embedded enamel (second row) under a series of loading
conditions. The isotropic elastic constants of the epoxy together with the normal stress distribution around the enamel sample were determined by matching the ABAQUS
images with the photoelastic images in Fig. 3. The greyed regions represent the high stress concentration areas and were neglected in the images.
Fig. 5. (a) Normal stress distribution around the cubic enamel samples in the x- and y-directions (x–y plane is the measurement plane) at the maximum external loading of
400 N. The averaged value of the stress distribution was extracted as 54.1 MPa along the x-direction (loading direction) and 0.27 MPa in the y-direction (transverse
direction). (b) The external load vs. the averaged stress value applied to the sample in the y-direction.
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that each azimuthal angle corresponds to a different slope. This ra-
tio between the applied uniaxial external stress and the average
HAp lattice strain gives the apparent modulus along different
directions [33]. At this stage it is also relevant to mention that
the initial residual strain in the samples was found to be negligible.
4.3. Evaluation of the multiscale Eshelby model
In setting up the multiscale Eshelby model, the average external
stress derived from the ABAQUS model was used as the input
external stress. The material properties and other parameters were
taken from the literature [11,31,34,35], and reﬁned by ﬁtting with
the experimental data of HAp crystal lattice strain. The initial vol-
ume fraction of HAp crystals was taken from the previous analysis
of the self-similar hierarchical two-level model of enamel, i.e.
approximately 95% at both the microscale and nanoscale levels
[11]. The needle-like HAp crystals in the enamel were also as-
sumed to have a transversely isotropic stiffness with ﬁve indepen-
dent elastic constants [31]. To describe the geometry of rod and
HAp crystals, the cylinder Eshelby tensor was used and the length
of elliptical axes a1 and a2 within the transverse cross-section were
expected to be equal to each other, i.e. a1/a2 = 1. In addition,
Fig. 6. The experimental results of applied compressive stress vs. elastic lattice strain of HAp crystals for the three samples at different azimuthal angles (every 15) with
respect to the loading direction. (a) Sample #6; due to symmetry, only the available angles from the (002) ring from 0 to 45 are selected. (b) Sample #7; due to symmetry,
only the available angles from the (002) ring from 45 to 90 are selected. (c) Sample #3; due to the symmetry, only the available angles from the (210) ring from 0 to 90 are
selected.
Table 1
Preferred orientation and reﬁned structural parameters of the enamel used in the two-level Eshelby model (values reported in the literature are also presented).
Parameter #6 #7 #3 Reference values
Preferred orientation 8 91 –
f1 = f2 93% 90% 95% 95% [11]
Cmatix_1 = Cmatix_2 Em = 1 GPa, vm = 0.3 Eprotein = 1 GPa, vprotein = 0.3 [34]
CHAp Exx = 132.1 ± 9 GPa,
Gxy = Gxz = 39.6 GPa
vxy = vxz = 0.33 ± 0.07,
vyz = 0.31 ± 0.08
Eyy = Ezz = 114.3 ± 6.5 GPa
Exx = 138.4 GPa,
Gxy = Gxz = 39.6 GPa
vxy = vxz = 0.30,
vyz = 0.2
Eyy = Ezz = 114.3 GPa [31]
Scylinder_1 = Scylinder_2 a1/a2 = 1 [6]
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Young’s modulus of protein was set to 1 GPa (this does not take
into account any effects from viscoelasticity or viscoplasticity
[34,35]). The ﬁnal reﬁned parameters and reference values are
summarized in Table 1.
In Fig. 7, the comparison between the model prediction and
experimental data of the normal strain variation in the three sam-
ples under the maximum external load of 400 N is shown as a plot
against the azimuthal angle.
5. Discussion
The hierarchical nanostructure of human enamel may vary sig-
niﬁcantly between patients due to personal history, diet, ethnic
origin, etc. However, due to ethical legislation in the UK, it is not
possible to obtain or publish any further information on the med-
ical history of the patients.
This study was conducted using the penetrating power of syn-
chrotron X-rays to provide a bulk probe for structure and strain
analysis. Unlike the vast majority of studies that rely on the surface
characterization (scanning electron microscope, atom force
microscopy, nanoindentation, Raman, etc., and also the reﬂection
mode of X-ray diffraction), this WAXS study required less prepara-
tion effort in terms of cutting and storage and surface conditioning.
The use of much thicker samples and gauge volumes (2 mm) than
those for other methods (0.05 mm) ensured that the bulk re-
sponse investigated was not affected by minor surface changes.
The combination of the data obtained using penetrating radiation
(synchrotron X-ray) with model reﬁnement offers the possibility
of identifying the nanoscale parameters of bulk enamel. The
parameter reﬁnement and validation strategy employed in the
model adopted in the present study is particularly helpful in the
identiﬁcation of nanoscale parameters that may be hard to
determine in the other experiments. The relationship between
the nanoscale structure and the macroscopic mechanical behav-
iour established in our study improves the understanding of the
nanoparticle distribution effects that was lacking in the earlier
studies [8,16,20].
5.1. Finite-element simulation
The high level of correlation seen between the ﬁnite-element
analysis result (illustrated in Fig. 4) and the photoelastic patterns
(shown in Fig. 3) suggests that the stress values extracted from
the ﬁnite-element model are a good representation of the tractions
applied to the enamel samples. In Fig. 4 the stress concentration re-
gion has been shaded grey. As this region is far enough away from
the enamel inclusion, it can be neglected. Only the patterns and
stress distribution close to the enamel need to be considered.
The plot of the normal stress distribution in Fig. 5 is likely to orig-
inate from the frictional contact condition established between the
enamel sample and epoxy in ABAQUS. However, the use of the
averaged value of the stress distribution will minimize the effect
of this oscillation. In short, the ﬁnite-element results suggest an
accurate estimation of the input stress for the two-level Eshelby
model.
5.2. Reﬁned parameters of the two-level Eshelby model
The input from reference data on material parameters (HAp
stiffness, etc.) are only used as the starting guess for the optimiza-
tion of the elastic constants in order to obtain the best ﬁt to our
experimental data. The ﬁnal parameters used in the multiscale
Eshelby model are outlined in Table 1 and were reﬁned iteratively,
starting from the values reported in the literature. Of the reﬁnable
Fig. 7. Comparison of experimental data (black markers) and modelling results (solid black lines) for the variation of normal strain component with orientation distribution
(azimuthal angle) at the maximum externally applied load of 400 N. (a) sample #6, from 0 to 45; (b) sample #7, from 45 to 90; (c) sample #3, from 0 to 90.
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parameters, the key ones were the volume fraction of inhomogene-
ities at each level and the elastic constants of a single HAp crystal.
Among these parameters, the elastic constants, and the modulus in
particular, exert the most profound inﬂuence on the result. The
three samples studied were cut from the same tooth. Therefore
their properties, such as the degree of mineralisation, size of parti-
cles, etc., can be assumed to be close and consistent, with the
exception of the orientation distribution of nano-HAp crystals
which is known to vary with location within the tooth. Model ﬁt-
ting was carried out so as to ﬁnd the parameters that give the best
agreement for all three samples. The single-crystal elastic con-
stants of HAp were assumed to be the same. In the model matching
(optimization) process, within each specimen, the volume fraction
of the rods in enamel and the HAp crystals in rod were assumed to
be the same. After the reﬁnement of the elastic constants (within
the range reported in the literature) the volume fraction was fur-
ther reﬁned. At this stage, further adjustments of other parameters
were also attempted and it was found that this only had a minor
effect. In order to estimate the error in our evaluation of parame-
ters, we carried out a careful study of error propagation in our
model-ﬁtting procedure following the error analysis methods in
Ref. [36]. The 95% conﬁdence interval in the ﬁtting results was
propagated back into elastic modulus uncertainty. The ﬁnal result
with description has been added to Table 1 Note that since the re-
sults of our test are not sensitive to the shear modulus, the uncer-
tainty of the shear modulus was not assessed.
The authors note that environmental and developmental factors
may inﬂuence the mechanical behaviour of enamel [37]. Following
tooth eruption, the interaction of the enamel surface with ions in
saliva leads to enamel maturation. This post-eruptive maturation
may affect the mechanical behaviour of enamel surface. For exam-
ple, the incorporation of ﬂuoride into enamel and the formation of
ﬂuoroapatite may exert an inﬂuence on the superﬁcial layer of
dental enamel. However, the transmission X-ray setup we em-
ployed ensured that the bulk rather than the surface was charac-
terized for the samples obtained from freshly extracted teeth
with no apparent damage, caries or evidence of dental treatments.
5.3. Residual strain
During the preparation process, a low-speed diamond saw and
polishing papers were used to minimize the effect of induced
residual strain. The other origin of residual strain may be the nat-
ural growth of teeth. At low load values, there is a transition region
in the transversely loading samples (#7 and #3), which might re-
sult from the residual tensile strain in the transverse direction.
However, as also shown in Fig. 6b and c, the residual strain in
the enamel was found to be very small in magnitude and was re-
lieved subsequently at higher loading values. Since the elastic re-
sponse has been experimentally observed to be dominating after
the transition (reﬂected in the linearity of the experimental
stress–strain curve), the presence of this initial residual strain only
amounts to an initial offset. This means that there has been no im-
pact from residual strain on the prediction of the elastic properties
and that this offset can be neglected in the present analysis.
5.4. Normal strain components variation
In this experiment, the main difference between the three dif-
ferent samples was the orientation of the rods with respect to the
external loading direction. For sample #6 in Fig. 6b, in which the
load was applied along the rod longitudinal direction, the crystal
lattice strain at a given stress was larger at 0 (i.e. along the load-
ing direction) than at any other angles (which is a direct result of
the Poisson effect). However, for the other two samples (#3 and
#7), in which the rod orientation was perpendicular to the load-
ing direction, the lattice strain was found to be larger at 90 than
at other angles. These plots also demonstrate that loading along
the transverse direction of the rod induces higher levels in stress
or strain in the HAp crystals. In addition, the deviation from lin-
earity was found in the three samples (45 for samples #6 and
#7, and all the orientation angles for sample #3). Such relatively
large experimental errors may result from the relatively weak
intensity at the edge of the rings for samples #6 and #7, while
for sample #3, the whole ring demonstrates a relatively weak
intensity.
The plots of applied stress against lattice strain also have a com-
mon trend, in that the linear relationship starts only after a certain
applied stress has been reached, especially in samples #3 and #7
(shown in Fig. 6a and c). This initial trend may demonstrate that
the HAp crystals in the samples were initially subjected to a hydro-
static stress condition. In any case, this effect appears to have only
minor inﬂuence on the further response.
5.5. The elastic anisotropy of the HAp crystals
The different mechanical responses of HAp crystals with respect
to the loading direction shown in Fig. 6 and 7 originate not only
Fig. 8. Transversely isotropic elastic modulus of HAp. (a) 3-D representation of directional dependency of HAp elastic modulus (unit: GPa). (b) The projections of directionally
dependent modulus on the x–y plane (blue dashed line) and y–z plane (solid black line).
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from the different rod directions, but also in the strong anisotropic
stiffness of HAp crystals. The 3-D directional modulus of a single
HAp crystal was calculated by transforming the transversely iso-
tropic stiffness matrix of a single crystal with different rotation
matrices. The result is shown in Fig. 8a. The non-spherical shape
corresponds to the elastic anisotropy of the HAp crystal. In
Fig. 8a, the x-axis represents the longitudinal direction of the nee-
dle-shaped HAp crystal. Fig. 8b demonstrates the projections of the
resulting modulus on the x–y plane and y–z plane. The projection
on the x–y plane is similar to the cases of samples #6 and #7,
and the circular projection on the y-z plane is similar to the case
of sample #3 in which an isotropic modulus is observed. The orien-
tation with the largest stiffness is found to be along the x-axis, as
expected (longitudinal direction of the HAp crystal). However,
the most compliant orientation observed in Fig. 8b is not at 90,
but rather around 60 due to the transverse isotropic stiffness of
HAp crystals.
6. Conclusions
In this study, the lattice strain variation related to the nanoscale
HAp distribution of human enamel was measured during in situ
elastic compression by the combination of synchrotron WAXS
and photoelasticity techniques. This study of the nanoscale phe-
nomena and their effect on the macroscopic and microscopic
mechanical behaviour provided access to information on both
the structural and mechanical aspects of the sample, and allowed
progress to be made in understanding the structure–property rela-
tionships in the hierarchical biomaterial of human enamel. In addi-
tion, as an improvement to an earlier proposed composite model
[38,39], a multiscale Eshelby inclusion model was established
and modiﬁed by introducing the misorientation distribution of
HAp crystals at the nanoscale level. This second-level effect cannot
be ignored since the mechanical behaviour shows strong depen-
dence on the crystallite orientation distribution. The models were
validated by the good agreement observed between the measured
and calculated normal lattice strain component variation in differ-
ent azimuthal directions.
This systematic experimental and modelling approach reported
here is able to capture the complete picture of the multiscale struc-
ture of human enamel and its evolution under loading. The param-
eter reﬁnement and validation in the modelling adopted in the
present simulation offers the potential identiﬁcation of nanoscale
parameters, which may be hard to determine otherwise. By com-
bining the results with previous studies of human dentine and en-
amel [12,19], an improved and comprehensive understanding of
the multiscale structural-mechanical properties within human
dental tissue can be achieved. Such information is essential for
developing better prosthetic materials and dental ﬁllings and has
the potential to shed light on the mechanical evolution associated
with the multiscale structural changes induced in human teeth by
disease and treatment. Finally, this approach also enables the char-
acterization of the structure–property relationship of other hard
hierarchical biomaterials.
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Appendix A.
A short overview of the Eshelby general inclusion theory is
introduced, leading to the derivation of the constitutive law for a
number of non-dilute HAp crystals (inhomogeneities) embedded
in a ﬁnite protein matrix.
A.1. Dilute system
The general geometric structure for a dilute system is an ellip-
soidal inclusion embedded in an inﬁnite matrix. ‘‘Dilute’’ means
that the volume fraction of the inclusion can be neglected. If there
is a mismatch between the inclusion and the matrix, i.e. a uniform
misﬁt strain et in the inclusion, the Eshelby model shows that the
total strain in the inclusion ei is related to et by an Eshelby tensor S
that only depends on the inclusion shape and the Poisson’s ratio of
the matrix:
ei ¼ Set : ðA1Þ
As a consequence, with the known stiffness tensor CM (the same
as the surrounding matrix) of the inclusion, the inclusion stress rI
can be calculated based on Hooke’s law:
rI ¼ CMðei  et Þ ¼ CMðS IÞet : ðA2Þ
For an inhomogeneous inclusion (or an inhomogeneity) with a
different stiffness CI, its elastic ﬁeld is shown to be identical to
an equivalent inclusion with an appropriate misﬁt strain et , which
is to be determined from the equivalence relation:
rI ¼ CIðei  et Þ ¼ CMðei  etÞ: ðA3Þ
Finally the external load rA that results in the overall composite
strain eA can be added to Eq. (A3):
rI þ rA ¼ CIðei  et þ eAÞ ¼ CMðei  et þ eAÞ; ðA4Þ
where rI here is the stress caused by the mismatch between the
inhomogeneity and the matrix.
A.2. Non-dilute system
A non-dilute system represents the condition that multiple
inhomogeneities are embedded in the matrix in which their vol-
ume fraction cannot be neglected. To satisfy the boundary condi-
tions at the external boundaries of the ﬁnite composite, Eshelby
introduced the concept of a mean ‘‘image’’ stress, hriM ¼ CMheiM
as an average of the stresses within each individual phase. Then
the equivalence relation Eq. (A4) becomes:
hCiIðheii þ heiM þ eA  heit
 Þ ¼ CMðheii þ heiM þ eA  heitÞ; ðA5Þ
where ‘‘hi’’ means the mean value, heiM is the mean image strain in
all the phases and hCiI is the average stiffness of the multiple inho-
mogeneities. In a non-dilute system, the mean image stress hriM
and the mean stress in the equivalent inclusions hriI due to the mis-
ﬁt strain can be expressed by [30,40]:
hriM ¼ CMheiM ¼ fCMðhSi  IÞheit ðA6Þ
hriI ¼ ð1 f ÞCMðhSi  IÞheit ; ðA7Þ
where hSi is the average Eshelby tensor and f is the volume fraction
of inclusions. Thus heit can be obtained as a function of the applied
stress:
heit ¼ ðCMhCiIÞ½hSi f ðhSi IÞCM
 1ðCMhCiIÞC1M rA: ðA8Þ
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A.3. Enamel ﬁrst-level model
The ﬁrst-level model considers multiple aligned rods as the
inhomogeneous inclusion and the protein as the surrounding
matrix. In an elastic problem, no misﬁt strain exists in the inhomo-
geneity. Thus according to Eq. (A5):
Crod heii þ heimatrix þ eA
 
¼ Cmatrix heii þ heimatrix þ eA  heit
 
;
ðA9Þ
where Crod is the stiffness of the rods. Further, in terms of Eqs. (A6)–
(A8), the rod stress can be determined as shown in Eq. 4, consisting
of two parts, namely the contribution from the elastic anisotropy
and that from the applied stress.
A.4. Enamel second-level model
The second-level model considers each rod as a composite and
the HAp crystals are multiply aligned inhomogeneous inclusions.
The obtained rod stress serves as the external load in the second
level. Similar to Eq. (A9):
hCiHAp heii þ heimatrix þ eA
 
¼ Cmatrix heii þ heimatrix þ eA  heit
 
;
ðA10Þ
where hCiHAp is the average stiffness of the aligned HAp crystals. The
average lattice strain in HAp crystals consists of three parts:
heiHApaligned ¼ heii þ heimatrix þ eA; ðA11Þ
where heii is the contribution from the elastic anisotropy, heimatrix is
due to the ﬁnite matrix effect and eA is the contribution from the
applied load. The ﬁnal expression in Eq. (5) is based on Eqs. (A6)–
(A8), and Eqs. (A10) and (A11).
Appendix B. Figures with essential colour discrimination
Certain ﬁgures in this article, particularly Figs. 1–8 are difﬁcult
to interpret in black and white. The full colour images can be found
in the on-line version, at doi: http://dx.doi.org/10.1016/
j.actbio.2013.09.043
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a b s t r a c t
Human enamel is a hierarchical mineralized tissue with a two-level composite structure. Few studies
have focused on the structure–mechanical property relationship and its link to the multi-scale architec-
ture of human enamel, whereby the response to mechanical loading is affected not only by the rod dis-
tribution at micro-scale, but also strongly inﬂuenced by the mineral crystallite shape, and spatial
arrangement and orientation. In this study, two complementary synchrotron X-ray diffraction tech-
niques, wide and small angle X-ray scattering (WAXS/SAXS) were used to obtain multi-scale quantitative
information about the structure and deformation response of human enamel to in situ uniaxial compres-
sive loading. The apparent modulus was determined linking the external load and the internal strain in
hydroxyapatite (HAp) crystallites. An improved multi-scale Eshelby model is proposed taking into
account the two-level hierarchical structure of enamel. This framework has been used to analyse the
experimental data for the elastic lattice strain evolution within the HAp crystals. The achieved agreement
between the model prediction and experiment along the loading direction validates the model and sug-
gests that the new multi-scale approach reasonably captures the structure–property relationship for the
human enamel. The ability of the model to predict multi-directional strain components is also evaluated
by comparison with the measurements. The results are useful for understanding the intricate relationship
between the hierarchical structure and the mechanical properties of enamel, and for making predictions
of the effect of structural alterations that may occur due to the disease or treatment on the performance
of dental tissues and their artiﬁcial replacements.
 2013 Elsevier Inc. All rights reserved.
1. Introduction
Enamel, a highly mineralized substance, is a hard and brittle
outer layer above the amelo-dentinal junction (ADJ) that covers
the crown portion of the tooth, serving as an important stiff and
wear-resistant part of teeth. It is a biological composite with a
complex hierarchical structure, mainly composed of high content
of inorganic biological hydroxyapatite (HAp) crystals (approxi-
mately 25–30 nm of thickness). Enamel consists of 80–90% inor-
ganic material by volume (around 96% by weight) (Bechtle et al.,
2012) and relatively low content of organic globular protein (Ang
et al., 2012; He, 2008). At the macro-scale level, the enamel can
be seen as a continuum, while at the micro-scale some notable fea-
tures are present, in particular, aligned long prisms (or rods) with a
speciﬁc ‘‘keyhole’’ shape, with the top oriented toward the crown
of the tooth (Macho et al., 2003). On the nano-scale level, enamel
is modelled as a composite with ribbon-like HAp particles orga-
nized and bundled together by globular protein (Kerebel et al.,
1979).
Understanding the effect of microstructural alterations of
enamel on the performance of teeth requires the knowledge of
how the mechanical properties are related to the complex hierar-
chical structure. Over half a century, research has been carried
out on the mechanical properties of enamel, and on its macro-
and micro-structure (He, 2008; Nakamura et al., 2011). However,
few studies have focused on the inﬂuence of the nano-scale struc-
ture (Bechtle et al., 2012; Habelitz et al., 2001), where the macro-
scopic mechanical response can be considered to be a function of
crystal shape and orientation of the mineral phase (Sui et al.,
2013). Investigations at the nano-scale require the use of advanced
techniques and systematic models to establish a ﬁrm basis for
understanding the hierarchical structure–property relationships.
One suitable technique for the study of nano-structure is small
angle X-ray scattering (SAXS), an advanced non-destructive
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technique widely used to reveal quantitative information about the
orientation and degree of alignment in crystalline and amorphous
materials (Fratzl et al., 1996). Another X-ray technique, wide angle
X-ray scattering (WAXS), is widely used to quantify the internal
strain in crystal lattices, including in response to external loading,
e.g. in situ compression or tension (Young et al., 2007a,b). SAXS/
WAXS have been applied only recently to the study of mineralized
biological composites, such as bones and bovine teeth (Almer and
Stock, 2005, 2010; Deymier-Black et al., 2010; Singhal et al., 2012).
Deymier-Black et al. (Deymier-Black et al., 2010) determined the
longitudinal apparent modulus of hydroxyapatite (HAp) in bovine
dentine using synchrotron based WAXS, while strain distribution
across the ADJ in bovine teeth was investigated by Almer and Stock
(Almer and Stock, 2010). None of these studies were performed on
human enamel, in which different particularities of its morphology
are expected to result in differences in the mechanical properties
(Nogueira et al., 2011). Moreover, very few studies devoted to hu-
man enamel have been published (Fujisaki et al., 2012), and early
studies did not take into account the nanoparticle shape, size and
orientation distribution (Bechtle et al., 2012). Therefore, a deep
understanding of the relationship between the nano-scale struc-
ture and the macroscopic mechanical behaviour of human enamel
is still lacking.
Many models of composite mechanical behaviour have been
proposed, notably the Voigt and Reuss bounds, as well as the Jones
(Jones, 1999) and BW models (staggered microstructural model)
(Bar-On and Wagner, 2012). Besides these, an improved multi-le-
vel model, based on the original Eshelby inclusion model (Takao
and Taya, 1987; Withers et al., 1989) has been established and suc-
cessfully applied in the evaluation of the mechanical response of
human dentine by capturing the relationship between the nano-
scale structure and macroscopic loading (Sui et al., 2013).
In this study, the in situ synchrotron technique, simultaneous
SAXS/WAXS, was used to measure the elastic crystallite strain
(WAXS), the alterations in crystal orientation and the degree of
alignment of nano-scale HAp crystals (SAXS) in human enamel
subjected to an externally applied uniaxial compressive loading
along the approximately longitudinal direction with respect to
the preferential rod orientation. The multi-scale Eshelby model
was modiﬁed and extended to capture the hierarchical structure
and properties of the human enamel. The model predictions were
veriﬁed by comparison with experimental data. The ability of the
model to capture the observed response is discussed.
2. Materials and method
2.1. Sample preparation
A freshly extracted normal human third molar (ethical approval
obtained from the National Research Ethics Committee; NHS-REC
reference 09.H0405.33/Consortium R&D No. 1465) was washed
and cleaned in distilled water to eliminate residues so that the pos-
sibility of contamination or other chemical effect was excluded.
The samples were kept for a maximum of 7 days in distilled water
in a commercial fridge at 4 C until the experiment was performed,
implying relatively low diffusion rates that impede or exclude any
possible superﬁcial demineralization effect of water. It is also
important to highlight that the technique we employed (X-ray dif-
fraction in transmission) is a bulk, not a surface technique. As a
consequence, even if small superﬁcial changes were to arise, their
contribution to the overall scattered signal would be negligible.
Thus, the composition of the inorganic phase in the dental tissue
was well-represented by pure organically-derived HAp. The crown
was cut off below the ADJ using a low speed diamond saw (Isomet
Buehler Ltd., Lake Bluff, Illinois, USA) and further cut into smaller
cubes, and a series of polishing papers were used to produce the
ﬁnal 2  2  2 mm cube of enamel. Regarding the rod direction
of the enamel sample, the cut in the prepared sample was close
to the region perpendicular to the occlusion surface. Therefore,
the predominant rod direction was assumed to be in the longitudi-
nal direction of the sample.
2.2. Micro-CT protocol and data processing
To determine the measuring positions and loading cross-section
for the SAXS/WAXS experiments, a micro-CT scan was carried out
at 1.9 lm resolution using 40 kV voltage, 120 lA current and a
0.5 mm Aluminium ﬁlter (SkyScan 1172, Bruker microCT, Kontich,
Belgium). The resulting slices were reconstructed using the Sky-
Scan NRECON software package, and subsequent 3-D planning
models were created using Fiji imaging software (Eliceiri et al.,
2012).
2.3. In situ scattering measurements
The experiment was performed on the B16 beamline at Dia-
mond Light Source (DLS, Oxford, UK). A schematic diagram of the
experimental set-up is shown in Fig. 1a. The sample of human en-
amel was slowly deformed in compression along the x-direction in
the laboratory coordinates (Fig. 1a) at the displacement rate of
0.2 mm/min until failure, using a remotely operated and moni-
tored compression rig (Deben, Suffolk, UK), with a 5kN calibrated
load cell. The rig was equipped with custom-made jaws, allowing
a high-energy transmission X-ray setup to be used.
The monochromatic X-ray beam at the photon energy of
17.99 keV was used and collimated to the spot size of
0.5  0.5 mm. The beam was incident at the sample in the direc-
tion perpendicular to its loading direction. Two separate WAXS
and SAXS detectors were alternately setup to collect the patterns
at consecutive loading increments downstream of the beam. The
global Z-axis is along the beam direction; global X-axis corresponds
to the horizontal (loading) direction, Y to the vertical. The X–Y
plane is parallel to the detector plane. WAXS diffraction patterns
were recorded using a Photonic Science Image Star 9000 detector
(Photonic Science Ltd., UK) placed at a sample-to-camera distance
of 128.72 mm. Further downstream, a Pilatus 300 K detector (Dec-
tris, Baden, Switzerland) was positioned at a distance of
4358.47 mm to collect the SAXS patterns. In order to record both
the WAXS and SAXS patterns at each scanning location, the WAXS
detector was translated laterally to expose the SAXS detector after
each WAXS exposure. A lightly compacted disk of standard silicon
powder and a dry chicken collagen sample inserted close to the
sample position were used as calibration standards and to deter-
mine the sample-to-detector distance with the required precision
(Calibration, 2013).
2.4. Scattering data analysis
2.4.1. WAXS data analysis
WAXS data can be interpreted in terms of the shift of the dif-
fraction peak obtained from a cluster of HAp crystals, so that the
average micro-strain (lattice strain) in the crystals can be deduced
(Young et al., 2007a,b). The typical WAXS pattern of HAp is shown
in Fig. 2a (only the (002) peak is selected for interpretation). At
each compressive load step, the beam was scanned between the
loading platens, and only the results from the middle were selected
for WAXS interpretation to guarantee that the same location was
studied during compressive deformation. The elastic lattice strain
of the HAp phase was computed by calculating the changes in
the inter-planar spacing between the crystal planes (Korsunsky
et al., 2011):
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e ¼ d002  d
0
002
d0002
ð1Þ
where d002 is the deformed d-spacing and d
0
002 is the reference
strain-free value. In detail, 2D diffraction images were ﬁrstly pre-
processed using Fit2D (Hammersley, 1997). The (002) peak of inter-
est from each pattern was ‘‘caked’’ (a professional jargon term used
to refer to the selection of a sector in the radial–azimuthal coordi-
nates of each pattern, and binning the data to obtain the equivalent
1D radial pattern) within the range of 20 around the loading direc-
tion (Fig. 2a). The strain measurement needs high quality of peaks
in order to determine the shift of the peak centre by Gaussian ﬁt-
ting. The smaller the angular width of the bin is, the lower (or nois-
ier) the integrated (averaged) intensity will be. Since the crystalline
perfection in biomaterials is not as good as that in the pure crystal,
the binning angle of 20 is often used in order to guarantee the pro-
nounced peak to ﬁt. Furthermore, each pattern was ‘‘caked’’ with
the same width of 20 in the direction of 15, 0, 15, 30 and
45 of the (002) peak (see Fig. 2a). The normal strain component
along the centre direction of each ‘‘cake slice’’ represents the strain
component in the corresponding orientation. Subsequently the 1D
radial plot of each individual (002) peak within each sector was ﬁt-
ted with a Gaussian function to obtain the peak centre position. The
sample under strain-free condition (without any load) was charac-
terised by WAXS and used as the reference state for strain measure-
ment. As the load increased, the shift of the peak centre position
with respect to the strain-free reference point allowed the calcula-
tion of the HAp elastic lattice strain. In addition, the structural ori-
entation angle was determined from the strain-free sample by
azimuthal–radial ‘‘caking’’ of the (002) peak over the range of
available peak (30  60), and ﬁtting the azimuthal centre posi-
tion of the pronounced peaks of IWAXS(u)u_WAXS plot (Fig. 2c)
(Al-Jawad et al., 2007).
2.4.2. SAXS data analysis
For SAXS data analysis, the pattern from the strain-free enamel
sample was taken as a reference. Due to the dense packing of crys-
tals in enamel, it is the electron density change occurring in the
gaps between crystalline particles that gives rise to the scattering
signal (Tanaka et al., 2010). It is also understood that the orienta-
tion of the gaps between rods roughly coincides with the orienta-
tion of the crystals within the rod (Tanaka et al., 2010). Thus, the
information from gap scattering can be used to deduce the orienta-
tion and degree of alignment (percentage of aligned particles) of
HAp crystals. To quantify it, the 2D SAXS patterns were processed
by integrating over the entire relevant range of scattering vector q,
resulting in a function ISAXS(u) of the azimuthal angle u_SAXS
(Fig. 2d) (Tesch et al., 2001, 2003). The predominant orientation
/0 SAXS of the mineral crystals is determined by the position of
the two peaks in the plot of ISAXS(u) (e.g. /0 SAXS in Fig. 2d), which
is corresponding to the short axis of SAXS pattern. Further, the de-
gree of alignment qwith respect to the predominant orientation of
HAp can be calculated by the ratio of the two areas under the curve
of ISAXS(u):
q ¼ Aoriented
Aoriented þ Aunoriented ð2Þ
where Aunoriented is the area of constant background level accounting
for the scattering from unoriented particles and Aoriented depicts the
total area below the curve of ISAXS(u)u_SAXS subtracting Aunoriented.
Fig.1. Schematic diagram of experimental setup and sample preparation; (a) the sample was under uniaxial compressive loading on the compression stage. The
monochromatic X-ray beam was directed perpendicular to the sample surface and the loading direction. WAXS and SAXS diffraction patterns were recorded at each loading
step at three locations on the sample. The WAXS detector was translated laterally out of the beam to expose the SAXS detector after each collection of WAXS and (b) micro-CT
based models of the two preparation stages. (1) Cross-section of reconstructed human dental model with region to be cut marked by red square and (2) the ﬁnal
2  2  2 mm cubes of enamel. The red square in the middle indicates the central position of the X-ray beam. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
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Thus, the value of q ranges from 0 to 1, with q = 0 indicating no pre-
dominant orientation within the plane of the section, while q = 1
indicates a perfect alignment of all the crystals (Tesch et al., 2001,
2003).
3. Model formulation
3.1. Geometrical assumptions
Human enamel has a hierarchical two-level composite struc-
ture, where the ﬁrst level is represented by a rod with a keyhole-
like section and the second level by the organized and bundled
HAp crystallites within each rod (Nanci and Ten Cate, 2003).
Fig. 3a shows the keyhole-like microstructure of enamel, modiﬁed
from Habelitz (Habelitz et al., 2001) and the distribution of the
HAp crystals within the rod in 3D. Fig. 3b–d provides schematic
illustration of the geometric model derived from the enamel struc-
ture, where the ﬁrst-level regards the whole enamel sample as
composed of aligned rods bundled by the joining medium of glob-
ular protein phase (Fig. 3b), and the second level considers the rod
as a composite in detail, consisting of partially aligned HAp crystals
and globular proteins.
In theoretical model, especially in describing complex systems,
some reasonable simpliﬁcations need to be made in order to
capture the basic mechanism. Thus the direction of rods in the ﬁrst
level is assumed to be uniform to minimize the number of vari-
ables. Based on the objective of this study, which is the nano-scale
particle distribution effect on macro-scale elastic behaviour, WAXS
and SAXS could capture the orientation distribution (i.e. texture) of
HAp crystals in the second level, which in turn can be used to
reﬂect the orientation inside actual rod in the gauge volume since
the rod is composed by HAp crystallites. The partially aligned
distribution of HAp crystals is based on the observation using scan-
ning transmission electron microscopy (STEM), where a high
percentage of HAp crystals have a perfect alignment while the
other crystals are more randomly distributed (Huang et al.,
2010). Both levels are non-dilute systems consisting of a number
of inhomogeneous inclusions. For simplicity, both rod and HAp
crystals are assumed to be of ribbon-like shape (Fig. 3b–d).
In a previous study of dentine, the penny-shape inclusion was
used to simulate the platelet-like structure of HAp crystals in hu-
man dentine (Sui et al., 2013). As for the ribbon-like shaped HAp
crystals in human enamel, a ribbon-shaped inclusion is used to
simulate an individual HAp crystal. In the Eshelby approach, the
cylinder is approximated by a prolate spheroid described by the
Fig.2. (a) A representative enamel WAXS pattern of Debye–Scherrer rings with different intensities. The dark region in the centre is the beamstop. The (002) peak is marked
with a small red arrow. Peak shifts at different positions on the (002) ring represent the average strains of (002) along different directions. Multiple angles with respect to the
global X-axis were caked (within a 20 range) in order to examine the strain variation (ﬁve angles are shown as examples 15, 0, 15, 30, 45). The direction with the
double-arrow line indicates the orientation interpreted from WAXS, (b) a representative enamel SAXS pattern. The direction of the short axis of the ellipse pattern indicates
the predominant orientation of the HAp crystals. The integration over q was performed from the beamstop radius to the outer radius of the pattern as marked with red dash,
(c) a plot of IWAXS(u)u_WAXS without any external load (black dots, Gaussian ﬁt indicated in red). The predominant orientation u0_WAXS = 14 is given by the position of the
pronounced peak centre and (d) a plot of ISAXS(u)u_SAXS without any external load (black dots, Gaussian ﬁt shown in red). The predominant orientation /0 SAXS ¼ 174	 is the
average position of the two peaks. The ratio Aoriented/(Aoriented + Aunoriented) gives the degree of alignment. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)
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three dimensions, a1, a2 and a3 in Fig. 3e. Normally a1 = a2  a3, i.e.
the cross section is a circle (Mura, 1987). The crystal c-axis (corre-
sponding to the (002) peak) of ribbon-like shaped HAp crystals is
normal to the cross section of the cylinder, i.e. along a3 direction
(Huang et al., 2010). In the next section, the model is brieﬂy intro-
duced, while a detailed derivation is shown in Appendix.
3.2. First-level model: multiple aligned rod inclusions within enamel
sample
The purpose of the ﬁrst-level model for human enamel, which
describes multiple aligned rod inclusions within enamel, is to
establish the elastic relationship between the externally applied
stress rA and the stress in the rod-like inclusions rinclusion = rrod.
According to the Eshelby model derivation (Clyne and Withers,
1995), the stress in the rod can be expressed as
rrod ¼ T  ð1 f1ÞCmatrixðS1  IÞ ðCmatrix  CrodÞ½S1  f1ðS1  IÞff
Cmatrixg1ðCmatrix  CrodÞTTC1matrix
o
rA
or; written more simply; rrod ¼ HrA ð3Þ
In the above expression, f1 is the volume fraction of rods in the en-
amel, S1 is the Eshelby tensor for a cylinder that approximates the
rod shape, Cmatrix, Crod are the stiffness tensors of the globular pro-
tein and rod respectively, and T is the tensor transformation (rota-
tion) matrix that depends on the Euler angles (see Appendix) giving
the orientation of an individual rod with respect to the laboratory
coordinate system. In the present model, the laboratory coordinates
were ﬁxed, and it was assumed that the rods were all aligned along
the loading direction, thus Twas constant. The rod stiffness remains
to be determined from the second level model.
3.3. Second-level model: partially aligned HAp inclusions within each
individual rod
The purpose of the second-level model of enamel, which de-
scribes partially aligned HAp inclusions within one rod, is to estab-
lish the relationship between the rod inclusion stress and the
average strain in the HAp crystals in rod heiHAp (rrod = K1heiHAp).
The measured crystal strain corresponds to the mean strain value
for all the crystals within the considered gauge volume (Chou
et al., 2012). Due to the partial alignment of HAp crystals within
Fig.3. (a) A schematic 3D structure of enamel, showing keyhole-like rods aligned in parallel (modiﬁed from Habelitz (2001). The rods contain organized and bundled HAp
crystals, (b) rods viewed along their longitudinal direction, (c) rods viewed along their transverse direction, (d) the structure of partial aligned ribbon-like HAp crystals viewed
from the cross-section parallel to the rods direction. The alignment angle u with respect to the global X-axis is also shown and (e) a typical prolate spheroid inclusion model
with principal half axis a1, a2 and a3.
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the rod, the real apparent stiffness K1 is to be given by the values
bounded by the two extreme cases, namely that of fully random
distribution and that of perfect alignment.
3.3.1. Multiple perfectly aligned HAp crystals
Supposing all the crystals are perfectly aligned and the align-
ment direction is described by the transformation matrix T, the
relationship between the average HAp strain and the rod inclusion
stress obtained from the ﬁrst-level model can be established as
follows:
heiHApaligned ¼ IC1matrixhCiHAp
 1
hS2i f2ðhS2i IÞ½ 1 I
 1
TT
(
þTT
o
C1matrixr
rod or expressedmore simply rrod ¼KalignedheiHApaligned ð4Þ
where hCiHAp and hS2i are the average stiffness and Eshelby tensor.
Since all the crystals are perfectly aligned, hCiHAp and hS2i can be
represented by the single crystal values hCiHAp = CHAp, hS2i = S2. Note
that a single HAp crystal in the second level can be regarded as a
single inhomogeneity with ribbon-like shape, thus the Eshelby ten-
sor for a single HAp should be the same as the rod inclusion (S2 = S1)
and the stiffness of a single HAp has been reported to be trans-
versely isotropic (Ochsner and Ahmed, 2011). In Eq. (4), different
orientation angles (different T) would lead to different values of
heiHApaligned .
3.3.2. Multiple randomly distributed HAp crystals
Supposing all the crystals are randomly distributed the relation-
ship between average HAp crystal strains and rod stress is inde-
pendent of the transformation matrix in Eq. (4). Thus the
relationship becomes
heiHAprandom ¼ IC1matrixhCiHAp
 1
hS2i f2ðhS2i IÞ½ 1 I
 1
þ I
( )
C1matrixr
rod or expressedmore simply rrod ¼KrandomheiHAprandom ð5Þ
Different from perfectly aligned crystals, the average value of
hS2i can no longer be the value of a single crystal, but should be ob-
tained by the volume average value of all the crystals. However, as
an alternative, the averaging effect can be captured by using the
single crystal relationship as Eq. (4) and averaging over all the val-
ues with different Euler angles (see Appendix, averaging the results
obtained from each single crystal relationship as Eq. (4) over all
possible orientations).
3.3.3. The combination of random and aligned HAp inclusions
In order to model the observed preferred orientation of HAp
inclusions (Fig. 3d), we represent it as the combination of a random
distribution with a volume fraction faligned of perfectly aligned par-
ticles. In this case the overall apparent stiffness KHAppartial aligned is given
by the rule of mixture between Krandom and Kaligned:
KHAppartial aligned ¼ ð1 falignedÞKrandom þ falignedKaligned ð6Þ
where (1  faligned) now represents the volume fraction of the ran-
domly distributed, and faligned corresponds to the degree of align-
ment of crystals revealed by SAXS. Thus, the relationship between
rod inclusion stress and average internal HAp lattice strain becomes
rrod ¼ KHAppartial alignedheiHAp ð7Þ
3.4. Determination of the rod stiffness
In Eq. (3), the stiffness of the rod Crod still remains to be deter-
mined. Since the rod is regarded as a composite consisting of glob-
ular protein and mineral HAp crystals, Crod can also be determined
using the Eshelby inclusion model, taking into account the volume
fraction (f2), average Eshelby tensor (hS2i) and average stiffness
(hCHApi) of HAp crystals in the second level. To simplify the deter-
mination, it is assumed that all HAp crystals in the rods are aligned
with an angle with respect to the longitudinal direction of rod
(thus hCiHAp = CHAp, hS2i = S2). Such orientation is the preferred ori-
entation revealed by SAXS/WAXS and is reﬂected in the model by a
unique transformation matrix THAp. The expression of the stiffness
of rod is given here without detailed derivation
Crod ¼ C1matrix  f2 ð~CHAp  CmatrixÞ ~S2  f2ð~S2  IÞ
h i
þ Cmatrix
n o1
~CHAp  CmatrixÞC1matrix
 o1
ð8Þ
where ~S2 ¼ TTHApS2TTHAp is the transformed Eshelby tensor and
~CHAp ¼ T1HApCHApTTHAp is the transformed stiffness of aligned trans-
versely isotropic HAp crystals. Further, the overall relationship be-
tween the average HAp strain and the externally applied stress
can be established by combining Eqs. (3) and (7).
rA ¼ H1rrod ¼ H1KHAppartial alignedheiHAp ¼ KheiHAp ð9Þ
4. Experiment result and model evaluation
4.1. Nano-scale HAp distribution and mechanical response of enamel
The loading areas of the samples were accurately determined by
micro-CT measurement, which is 3.55 mm2. Fig. 2a shows a WAXS
pattern of enamel consisting of a system of Debye–Scherrer rings
(peaks). Since the enamel is textured, only limited range of rings
can be captured. The apparent radial shifts of the (002) peak in
the WAXS pattern were measured under uniaxial compressive
loading applied in longitudinal direction with respect to the rod
direction. The preferential orientation of HAp crystals obtained
by WAXS pattern is shown to be roughly perpendicular to the arc
of (002) peak and the detailed value is determined from the
stress-free plot of IWAXS(u)u (Fig. 2c) with the Gaussian ﬁt (red
line).
The SAXS pattern as shown in Fig. 2b contains the information
of orientation and degree of alignment of the gaps between the
HAp crystals. As mentioned above, the information about HAp
crystallites orientation distribution can be deduced by gap scatter-
ing. The preferential orientation shown in Fig. 2b is roughly along
the short axis of the elliptical pattern and the detailed value is also
determined from the stress-free plot of ISAXS(u)/u (Fig. 2d) with the
Gaussian ﬁt (red line). The detailed values of the orientation and
degree of alignment obtained by WAXS and SAXS patterns are
listed in Table 1, from which these parameters were used in the
Eshelby model evaluation.
The shifts of (002) peak from WAXS along x-direction were
used to obtain the elastic lattice strain values. Fig. 4 shows the
experimental results of the applied stress vs. HAp lattice strain of
sample along the loading direction, indicating a linear increase as
expected. Two results are given respectively using the preferred
orientation angles obtained by SAXS and WAXS but keeping the
other parameters the same. The ratio of the uniaxial stress and
the average HAp lattice strain gives the apparent modulus (Powers
and Farah, 1975), which is listed in Table 1. Meanwhile, the resid-
ual (initial) strain was found to be quite small and can therefore be
neglected. The shifts of (002) peak along other directions were also
measured, e.g. by caking each pattern with the width of 20 along
the directions of 15, 0, 15, 30 and 45 to determine the azi-
muthal variation of the normal strain component. The result is
shown as an azimuthal plot in Fig. 5a and b, where 0 represents
the loading direction. Note that the normal strain component
undergoes a transition from negative and to positive at around 25.
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4.2. Evaluation and testing of multi-scale Eshelby model
In the model, the material properties and other parameters used
were taken from the literature, and reﬁned by ﬁtting with the
experimental data. The average mineral concentration (HAp vol-
ume fraction) has been reported to be 95% at each level of enamel
(Bechtle et al., 2012). In detail, at the ﬁrst level, 95% represents the
volume fraction of rods within the globular proteins, while at the
second level, 95% represents the volume fraction of mineral within
each rod. This means that the overall volume fraction of mineral in
the enamel is 95%  95% 90%. In general, Young’s modulus of
1 GPa for globular protein is found in the literature, without taking
into account the viscoelasticity or viscoplasticity (Huo, 2005; Qin
and Swain, 2004). Polycrystalline HAp is considered to be trans-
versely isotropic with ﬁve independent elastic constants (Ochsner
and Ahmed, 2011). To represent the shape of the rod and of the
HAp crystallites for each level, the Eshelby tensor for the cylinder
(prolate spheroid) was used. The elliptical semi-axes a1 and a2
within the transverse cross-section were assumed to be the same,
(a1/a2 = 1), but different from a3. The apparent modulus K was cal-
culated based on the different preferred orientation angles of the
HAp crystals obtained by both SAXS and WAXS. All the parameters
reﬁned to obtain the best ﬁt are listed in Table 1, as well as the ref-
erence values from literature. A comparison of the stress/strain
curve along the loading direction between the model prediction
and the experiment is plotted in Fig. 4, where the Voigt and Reuss
bounds are also indicated. As expected, it is found that the modi-
ﬁed Eshelby model prediction lies between the two bounds and
gives a satisfactory agreement with the experimental data. Mean-
while, the comparison of normal strain variation with the azi-
muthal angle is presented in Fig. 5a and b. Fig. 5a gives the
model prediction results using different preferred orientation an-
gles of HAp crystals obtained by both SAXS and WAXS. It is appar-
ent that the model prediction of the transverse tensile strain that
arises under compression (the Poisson effect) falls short of the ob-
served strain. A satisfactory agreement can be achieved by adding a
tensile transverse strain component (along the global Y-axis in
Fig. 1) perpendicular to the rod and loading direction (the global
X-axis in Fig. 1). The updated result is illustrated in Fig. 5b. This
remarkable effect deserves further detailed analysis and
discussion.
5. Discussion
The Eshelby model can be constructed to simulate the hierar-
chical structure. It has the strong physical signiﬁcance in that it
captures the interaction between two different phases (inhomoge-
neity and matrix), compared with other simple models, like Voigt
and Reuss. For the interface, the Eshelby model assumes fully
coherent interface, in line with the prevailing view in the litera-
ture. The main shortcoming of the shear-lag model (Ji and Gao,
2004) is that it does not consider the inﬂuence of the nanoparticle
distribution within the enamel. This is the key aspect that Eshelby
model allows deeper understanding of the relationship between
the nano-scale structure and mechanical behaviour, even though
the uniform Eshelby tensor is used to describe the monodisperse
distribution of crystal size for the simpliﬁcations when developing
a theoretical model. Furthermore, the key aspect of interest in this
study lies in the apparent modulus of enamel, i.e. the relationship
between the strain in the nano-crystallites and the macroscopic
material loading. The composite effect cannot be ignored. The wo-
ven structure (Palmer et al., 2008) of blocking effect is expected to
be effective only during tensile loading rather than the uniaxial
Table 1
Experimental results from SAXS/WAXS, and the reﬁned structural parameters of the enamel used in the multi-scale Eshelby model (values reported in literature are also
presented).
Parameter Enamel Reference values
Orientation (from SAXS) 174 N/A
Orientation (from WAXS) 14 N/A
Degree of alignment 0.6 N/A
K_exp. 124.3 GPa N/A
f1 = f2 95% 95% (Bechtle et al., 2012)
Cmatix_1 Em = 1 GPa, vm = 0.3 Eprotein = 1 GPa, vprotein = 0.3
(Qin and Swain, 2004)
Cmatix_2 Em = 1 GPa, vm = 0.3 Eprotein = 1 GPa, vprotein = 0.3
(Qin and Swain, 2004)
CHAp Exx = 148.42 GPa, Gxy= Exx = 140 GPa, Gxy =
Gxz=39.6 GPa Gxz=39.6 GPa
vxy = vxz = 0.34, vyz = 0.21 vxy = vxz = 0.3, vyz = 0.2
Eyy = Ezz = 114.26 GPa Eyy = Ezz = 114.26 GPa (Ochsner and Ahmed, 2011)
Scylinder1 ¼ Scylinder2 a1/a2 = 1 (He, 2008)
K_model (from SAXS) 122.9 GPa N/A
K_model (from WAXS) 120.4 GPa N/A
Fig.4. Comparison of experimental data and modelling results of the applied
compressive stress vs. elastic lattice strain for HAp crystals. Experimental data
(black points) and modelling results (orientation distributions determined by SAXS
is in red line andWAXS in blue dash) with the compressive stress along longitudinal
direction with respect to the rod direction. The prediction results from models of
Voigt (upper line) and Reuss (lower line) are also shown. The stress at failure was
53.5 MPa. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)
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compressive loading. It is considered particularly when investigat-
ing the fracture mechanism of enamel rather than the elastic
deformation.
5.1. Reﬁned parameters by Eshelby model
The reﬁned parameters of the multi-scale Eshelby model are
listed in Table 1. Most of the values reported in the literature were
found to give satisfactory results. The key parameters varied in the
analysis were the volume fraction (the volume fraction of rods in
the enamel and of HAp crystallites within rods were assumed to
be the same) and the elastic constants of the HAp crystal. Among
these parameters, the elastic constants have the most signiﬁcant
inﬂuence on the result. In the optimization process, the volume
fraction was ﬁrst ﬁxed at the reported value (95%), and the elastic
constants, especially the Young’s modulus, were reﬁned. Subse-
quently, other parameters (e.g. the globular protein modulus) were
reﬁned as well, although it was found that they have a minor effect
on the apparent result. This leads to the conclusion that the elastic
modulus of soft globular protein phase, whether it be taken as iso-
tropic or anisotropic, does not exert a large effect on the validation
within the scope of model-experiment matching considered here.
In addition, the reﬁnement process also helps in the identiﬁcation
of nano-scale parameters, which may be hard to determine directly
from the experiments. In addition, the model can be applied to dis-
eased tissues as well, in which case, the model needs to be adjusted
correspondingly, given different initial parameters to be reﬁned.
5.2. Residual strain
During the preparation process using a low speed diamond saw
and polishing papers, as even during the natural growth, a thin
layer of residual strain may be induced at the sample surface. How-
ever, as shown in Fig. 4, the pre-existing residual strain is very
small. Since only the linear elastic response of enamel is consid-
ered in the experiment (reﬂected in the linearity of the experimen-
tal stress–strain curve), the presence of initial residual strain only
amounts to an offset that does not affect the parameters like the
apparent modulus. Hence, the low level residual strain was ne-
glected in the present analysis.
5.3. Gap scattering of SAXS
The good agreement between the apparent modulus K results
calculated using different HAp preferential orientations deter-
mined by SAXS and WAXS provides strong evidence and validates
the argument that the SAXS pattern arising from gap scattering
(Tanaka et al., 2010) can be used to deduce the HAp crystallite ori-
entation distribution, i.e. the gaps are almost parallel to HAp crys-
tals inside the rod. Therefore, we report direct conﬁrmation that
SAXS data provides beneﬁcial complimentary information for
determining the crystal orientation distribution in enamel and
other mineralized tissues.
5.4. Normal strain components variation
The normal strain components variation of the HAp crystals
with respect to different azimuthal angles (0–90) is shown in
Fig.5. Comparison of experimental data (black markers) and modelling results for the variation of normal strain (NS) with orientation (azimuthal angle). (a) Zero pre-strain
model predictions using the orientation distributions determined respectively by SAXS (red curve) and WAXS (blue dash) and (b) modiﬁed predictions by the model
incorporating tensile pre-strain using the orientation distributions determined respectively by SAXS (red curve) andWAXS (blue dash). (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig.6. Comparison between the predictions for normal strain variation with the
azimuthal angle obtained using the combination of random and perfectly aligned
distributions (blue dashed curve) and using continuous orientation distribution
modelling (solid black curve). (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 5a. The excellent agreement in the azimuthal plot (shown in
Fig. 5b between the experimental data and the modiﬁed model
incorporating transverse strain) indicates that the deformation
state in the sample is likely to be multi-axial, with an additional
tensile strain component existing along the transverse direction.
An explanation for this observation must lie in the fact that a dis-
proportionately large transverse tensile strain is developed within
the sample due to the interaction between the material structure
and the loading arrangement. One possible mechanism to explain
this is the barrelling effect (mid-section expansion) in the enamel
sample: the external uniaxial compression causes local locking of
the enamel to the platen surface accompanied by the expansion
of the sample perpendicular to the loading direction in the mid-
section (where the measurements were performed). In addition,
micro-cracks smaller than 2 lm (below the resolution of the mi-
cro-CT scan) pre-existing in the enamel may result in the debond-
ing between rods (Bajaj and Arola, 2009), and thus modify the
transverse strain. Such mechanisms are not captured by the mul-
ti-scale Eshelby model and need to be introduced externally. The
validation of the precise mechanism needs direct observation using
advanced ultra-high resolution (sub-micron) imaging and analysis
techniques, e.g. digital volume correlation.
5.5. HAp crystals orientation distribution effects
The combination of random and perfectly aligned HAp inclu-
sions (that can be referred to as ‘‘partially aligned’’) was described
in the previous section (Fig. 5). We note that this is an approxima-
tion, since in practice the orientation distribution of HAp crystals is
a continuous function of the angle between the c-axis of HAp crys-
tals and a chosen direction (the global X-axis) in the laboratory
coordinate system. The WAXS intensity variation with the azi-
muthal angle plotted in Fig. 2c allows us to extract the volume
fraction of HAp crystals with different orientations. Based on this,
continuous orientation distribution model can be carried out based
on the probability density function of ﬁnding crystals of given ori-
entation. The result obtained using this approach is shown in Fig. 6.
The comparison between this result and that obtained earlier using
the combination of random and perfectly aligned crystallites indi-
cates that the difference between the two approaches is negligible
in terms of the prediction of the apparent modulus. Thus, the angle
of the preferred orientation has a dominant effect on the mechan-
ical response.
5.6. The effects of preferred orientation of HAp crystals
The effect of the nano-scale structure (the HAp crystallite distri-
bution) on the macroscopic mechanical response was further
investigated by changing the preferential crystal orientations
(changing the transformation matrix in Eq. (5)). A 3D model of per-
fectly aligned crystals inside a rod is established (Fig. 7a) with the
angle u describing the rotation of the alignment direction around
the global Z-axis. The local coordinate system with respect to the
apatite has been designated x,y,z in Fig. 7a. When all HAp crystals
are aligned along the global X-axis, u equals to 0. By changing the
relative alignment direction, the variation of Kaligned with respect to
the loading direction can be calculated (Fig. 7b). From Fig. 7b, the
corresponding results using the real orientation angles found in
the experiment (174 from SAXS and 14 from WAXS) are found
to be Kaligned SAXS ¼ 138:1 GPa and Kaligned WAXS ¼ 131:8 GPa,
i.e. closely similar values. Meanwhile, due to the high degree of
alignment of HAp crystals in the enamel, the value of the overall
apparent modulus KHAppartialaligned lies closer to Kaligned rather than
Krandom. The enamel displays strong microscopic elastic anisotropy.
It is interesting to note that the orientation with the largest stiff-
ness is found, as expected, around 0 with respect to the loading
direction. However, the most compliant orientation observed is
not at 90 (perpendicular to the loading direction), but rather
around 50 or 130. This is due to the transversely isotropic stiff-
ness of HAp crystals.
6. Conclusions
In this study, the longitudinal apparent modulus of human en-
amel was measured during in situ elastic compression by the com-
bination of synchrotron WAXS and SAXS. This is the ﬁrst combined
SAXS/WAXS study on the nano-scale structure and its inﬂuence on
the macroscopic mechanical behaviour of human enamel. The
coherent results obtained for both WAXS and SAXS indicates that
the SAXS pattern arising from the inter-mineral gaps can be used
to reﬂect the HAp crystal orientation. This provided access to the
information on both the structural and mechanical aspects of the
sample and allowed us to make further progress compared with
the previous studies which only used WAXS (Almer and Stock,
2005; Fujisaki et al., 2012). As an improvement of the earlier pro-
posed composite model (Bar-On and Wagner, 2012; Jones, 1999), a
multi-scale Eshelby inclusion model was established to estimate
the elastic properties of enamel, considering it as a two-level
Fig.7. (a) A simpliﬁed visualization of the alignment of HAp crystals. The beam direction is along the global Z-axis and the alignment here represents the angle between the
local x-axis and global X-axis (initially the aligned angle u = 0, i.e. the local x-axis of a ribbon-like shape is initially along the global X-axis) and (b) by changing the alignment
angle (0–180), the average strain of the crystals along the loading direction can be obtained by the multi-scale Eshelby model, which then indicates that Kaligned varies with
respect to the preferential alignment angle.
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composite. Good agreement between the measured and calculated
lattice strains along the loading direction validates the model. With
respect to the normal strain component in a general azimuthal
direction, the underestimation of the tensile strain by the model
required the introduction of additional transverse internal strain.
The modiﬁed model result demonstrates that the deformation
state in the enamel sample may not have been fully uniaxial and
may have been caused by the barrelling effect or crystal de-
bonding.
This systematic experimental and modelling approach reported
here is able to capture the complete picture of the multi-scale
structure, material elastic properties and its evolution under load-
ing. The parameter reﬁnement and validation approach adopted in
the present study offers an important alternative route to the iden-
tiﬁcation of nano-scale parameters. Other established experimen-
tal characterisation techniques, such as nanoindentation and
microscopy, are conﬁned to the sample surface, making overall
bulk parameter identiﬁcation difﬁcult. Combining the present re-
sults on enamel with previously published data on human dentine,
an improved and comprehensive understanding of the multi-scale
structural–mechanical properties within human dental tissues can
be given. Besides the implications for the characterisation of the
structure–property relationship of other hierarchical biomaterials,
this knowledge is essential for developing better prosthetic mate-
rials and dental ﬁllings, and could also shed light on the mechani-
cal property evolution associated with the multi-scale structural
changes within human teeth due to disease and treatment.
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Appendix A.
A short overview of the Eshelby inclusion theory is given in (Sui
et al., 2013), which leads to the detailed model derivation for a
non-dilute system of human dentine composite, with a population
of HAp crystals organised and bundled in a ﬁnite globular protein
phase. The modiﬁed Eshelby model for the similar two-level com-
posite of human enamel is given here.
1. Enamel ﬁrst-level model
The equivalent inclusion method for multiple inhomogeneities
with the averaged stiffness hCiI in a non-dilute system during elas-
tic deformation is
CM heii þ heiM þ heiA  heit
 
¼ hCiI heii þ heiM þ heiA
 
ðA1Þ
where CM is the isotropic stiffness of the globular protein, heii the
averaged total strain in the multiple inhomogeneities, heiM the
mean image strain in the whole material due to the non-dilute sys-
tem, heiA the external strain caused by the applied stress and heit is
the average transformation strain for the equivalent inclusions to be
determined. In a non-dilute system, the mean image stress hriM and
the mean stress in the equivalent inclusions hriI due to the
transformation strain can be expressed by (Clyne and Withers,
1995; Withers et al., 1989)
hriM ¼ CMheiM ¼ fCMðhSi  IÞheit ðA2Þ
hriI ¼ ð1 f ÞCMðhSi  IÞheit ðA3Þ
where hSi is the average Eshelby tensor and f is the volume fraction
of inclusions. Thus heit can be obtained as a function of the applied
stress
heit ¼  ðCM  hCiIÞ½hSi  f ðhSi  IÞ  CM
 1ðCM
 hCiIÞC1M rA ðA4Þ
Therefore, in the ﬁrst-level model of enamel, if CM and hCiI are
respectively the stiffness of globular protein and rod, f the volume
fraction of rods (f = f1) and hSi is the average cylinder-like Eshelby
tensor for rods (hSi = hS1i), with Eqs. (A3) and (A4), the total stress
in rods can be obtained as the sum of hriI and rA.
2. Enamel second-level model
The second-level model considers the rods of the ﬁrst-level
model to be a composite consisting of partially aligned HAp crys-
tals and globular protein. In Eq. (A1), if we consider heiA as the aver-
age strain in the globular protein in the second level, f the volume
fraction of HAp crystals in rods (f = f2), and hSi and hCiI are the aver-
age Eshelby tensor and average stiffness of HAp crystals in rods
(hSi = hS2i, hCiI = hCHApi), the similar method as that in Appendix
Section 1 can be used to determine the average strain and stress
in HAp crystals. Here we focus on the average strain. The relation-
ship between the strain in a single HAp crystallite and the rod
stress can be established initially based on Eqs. (A1)–(A4)
eHApsingle ¼ TT IC1M CHAp
 1
S2 f2ðS2 IÞ½ 1 I
 1
TT þTT
( )
C1M r
rod
¼Krrod
ðA5Þ
where T is the orientation matrix described by three Euler angles
(h, u, w). The partial alignment is understood to be a combination
of perfect alignment and random distribution. The expression for
the average strain in multiple perfectly aligned HAp crystals is sim-
ilar to Eq. (A5), as shown in Eq. (4), while that for the average strain
in multiple randomly distributed HAp crystals needs to be obtained
by the volume average method, which is introduced here. The
purpose of using volume average method is to avoid the complex
calculation of average Eshelby tensor and average stiffness of
randomly distributed HAp crystals.
In a random distribution, each crystal follows the relationship of
Eq. (A5) by an individual transformation matrix T. Crystals can
have any possible orientation in the space, thus the volume aver-
age method is to calculate the mean strain value over all the crys-
tals in the rod by averaging over all possible orientations based on
Eq. (A5).
eHAprandom
D E
¼ 1
V
Z
V
eHApsingledV ¼
R 2p
0
R p
0
R 2p
0 Ksinhd/dhdwR 2p
0
R p
0
R 2p
0 sinhd/dhdw
rrod
¼ r
rod
2p2
Z 2p
0
Z p
0
Z 2p
0
Ksinhd/dhdw ¼ hKirrod
ðA6Þ
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a b s t r a c t
Human dentine is a hierarchical mineralized tissue with a two-level composite structure, with tubules
being the prominent structural feature at a microlevel, and collagen ﬁbres decorated with hydroxyapatite
(HAp) crystallite platelets dominating the nanoscale. Few studies have focused on this two-level struc-
ture of human dentine, where the response to mechanical loading is thought to be affected not only
by the tubule volume fraction at the microscale, but also by the shape and orientation distribution of
mineral crystallites, and their nanoscale spatial arrangement and alignment. In this paper, in situ elastic
strain evolution within HAp in dentine subjected to uniaxial compressive loading along both longitudinal
and transverse directions was characterized simultaneously by two synchrotron X-ray scattering tech-
niques: small- and wide-angle X-ray scattering (SAXS and WAXS, respectively). WAXS allows the evalu-
ation of the apparent modulus linking the external load to the internal HAp crystallite strain, while the
nanoscale HAp distribution and arrangement can be quantiﬁed by SAXS. We proposed an improved mul-
tiscale Eshelby inclusion model that takes into account the two-level hierarchical structure, and validated
it with a multidirectional experimental strain evaluation. The agreement between the simulation and
measurement indicates that the multiscale hierarchical model developed here accurately reﬂects the
structural arrangement and mechanical response of human dentine. This study beneﬁts the comprehen-
sive understanding of the mechanical behaviour of hierarchical biomaterials. The knowledge of the
mechanical properties related to the hierarchical structure is essential for the understanding and predict-
ing the effects of structural alterations that may occur due to disease or treatment on the performance of
dental tissues and their artiﬁcial replacements.
 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction
Dentine is a hydrated biological mineral composite tissue with a
hierarchical structure and versatile mechanical properties [1]. At
the microscopic level, dentine has a well-oriented structure with
an arrangement of dentinal tubules that extend throughout the en-
tire dentine thickness, from the amelo-dentinal junction (ADJ) to
the pulp [1–3]. At the nanoscale, dentine is a composite of plate-
like hydroxyapatite crystals (HAp) that have the shape of elongated
pancakes (2–4 nm thick, 30 nm wide and up to 100 nm long)
randomly embedded in a collagen matrix [4,5]. Characterizing
the mechanical properties of the tissue according to its complex
hierarchical structure beneﬁts the understanding of the internal
architecture and hierarchical properties of materials.
Previously, most research in this area has concentrated on the
mechanical properties of dentine at the macro- and microscale,
i.e. Young’s modulus, Poisson’s ratio, hardness and fracture proper-
ties, using a variety of measurement methods [6]. However, few
studies have focused on the nanoscale, where mechanical altera-
tions can be considered to be a function of crystal shape and orien-
tation of the mineral phase [7,8]. During elastic loading, stresses
are expected to be transferred to the stiff HAp platelets from the
surrounding collagen matrix [7]. To investigate this, it is required
to use techniques that allow in situ quantiﬁcation of the mechan-
ical response of nanoscale HAp phases to loading.
Synchrotron-based X-ray diffraction, and small- and wide-angle
X-ray scattering (SAXS andWAXS, respectively), are advanced non-
destructive techniques that enable characterization of the nano-
scale and subnanoscale structure ofmaterials, and have beenwidely
used to study load transfer between two phases in matrix compos-
ites [9–11]. In situ compression testing, in combination with the
WAXS technique, has been used to quantify the internal strains of
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the phase [9–11]. In addition, formineralized tissues, SAXS is able to
reveal quantitative nanoscale information about the structure, ori-
entation and degree of alignment of crystals [12]. Those parameters
have been identiﬁed as critical for the mechanical properties and
stability of the materials [13–15]. It is only recently that this tech-
niquehas been applied to the study ofmechanical behaviour inmin-
eralized biological composites such as bone [16–19] and teeth
[7,8,20]. Deymier-Black et al. [7] determined the longitudinal
apparent modulus of HAp in bovine dentine using synchrotron-
basedWAXS,while strain distribution across the ADJ in bovine teeth
was investigated by Almer and Stock [20]. A deep understanding of
the relationship between the nanoscale structure and macroscopic
mechanical behaviour is lacking. Earlier studies do not take into ac-
count the nanoparticle distribution [7,20], which can be derived
from SAXS data. In addition, all these studies were carried on non-
human samples, in which different particularities of the tubule
structure and morphology are expected to result in differences in
the mechanical properties [21].
In parallel, various analytical models of composites have been
proposed to describe the interaction of different mineral phases
and model the elastic properties of hard tissues (e.g. [22–24]).
Besides these, one widely accepted model is the Eshelby inclusion
model [25,26]. Recently, the Eshelby model has also been applied
in dental research based on nanoindentation and ﬁnite-element
model data [27–30] to explain and predict the elastic response of
dentine on the microscopic level. However, the models used in pre-
vious simulationswere limited, inwhichno considerationwasgiven
to the nanoscale structure, and this led to discrepancies of overesti-
mation between the predictions and experimental results [7].
In order to improve the understanding of the inﬂuence of the
nanoscale structure variation of the two-level composite of human
dentine on its mechanical response, in this study, the in situ syn-
chrotron X-ray techniques (simultaneous SAXS/WAXS) were used
to measure the elastic strain (WAXS), alterations in crystal orienta-
tion and degree of alignment of HAp phases (SAXS) in human den-
tine under externally uniaxial compressive loading along two
directions, longitudinal as well as transverse with respect to the
preferential tubule direction. Meanwhile, an extended multiscale
Eshelby model for a two-level composite was established. The
capability of the model in capturing the relationship between the
nanoscale structure and macroscopic loading was evaluated.
2. Materials and methods
2.1. Sample preparation
Two freshly extracted sound human third molars (ethical ap-
proval obtained from the National Research Ethics Committee;
NHS-REC reference 09.H0405.33/Consortium R&D No. 1465) were
Fig. 1. Schematic diagram of experimental setup and sample preparation. (a) Sample under uniaxial compressive loading on the compression stage. The monochromatic X-
ray beam was directed perpendicular to the sample surface and the loading direction. WAXS and SAXS diffraction patterns were recorded at each loading step at three
locations on the sample. The WAXS detector was translated laterally out of the beam to expose the SAXS detector after each collection of WAXS. (b) Micro-CT-based models of
the three preparation stages. (1) 2 mm thick dentine disk (coloured red) cut below the enamel–cement line and (2) further cut and polished to produce (3) the ﬁnal
2 mm  2 mm  2 mm cubes of dentine. The red square indicates the central position of the X-ray beam.
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washed and cleaned in distilled water to eliminate residues and
kept in a 20 C freezer for a maximum of 14 days before the
experiment. The samples were rehydrated using distilled water
and 2 mm thick dentine disks were cut just below the enamel–
cement line using a low-speed diamond saw (Isomet Buehler
Ltd., Lake Bluff, IL, USA). The disks were further cut into smaller
bars and a series of polishing papers was used to produce the ﬁnal
2 mm  2 mm  2 mm cubes of dentine (Fig. 1b). The samples
were kept for a maximum of 7 days in distilled water in a commer-
cial fridge at 4 C until the experiment was performed.
2.2. In situ scattering measurements
2.2.1. Mechanical loading setup
Uniaxial compressive loading was carried out on two dentine
samples in the form of small 2 mm  2 mm  2 mm cubes. The
samples were designated HD2, for which the loading was applied
in the transverse direction, and HD3, for which the loading was ap-
plied in the longitudinal direction with respect to the tubules,
respectively. Loading was carried out using a remotely operated
and monitored compression rig (Deben, Suffolk, UK), with a 5 kN
calibrated load cell. The rig was equipped with custom-made jaws,
allowing a high-energy transmission X-ray setup to be used, as
illustrated in Fig. 1a. The samples were deformed at a displacement
rate of 0.2 mmmin1 up to 400 N (corresponding to 100 MPa for
the samples) along the x-direction. After each constant loading
increments (HD2 50 N, HD3 100 N), the load was maintained and
the WAXS and SAXS patterns were collected.
2.2.2. Beamline diffraction setup
The experiment was carried out on B16 experimental beamline
at Diamond Light Source, Oxford Harwell Campus, Didcot, UK. A
Fig. 2. (a) A representative dentine WAXS pattern of Debye–Scherrer rings with different intensities. The dark region in the centre is the beam stop. The (002) peak is marked
with a red arrow. Peak shifts at different positions on the (002) ring represent the average strains of (002) along different directions. Multiple angles with respect to the x-
axis were caked in order to examine the strain variation (seven angles are shown as an example: 0, 15, 30, 45, 60, 75, 90). Each cake was with a 20 range. (b) A
representative dentine SAXS pattern of the HD2 sample. The q scale in the SAXS pattern is in reciprocal space, which is the inverse of d dimension in the real space. The
relation is q = 2p/d. If all the HAp platelets are oriented in the u direction parallel to their long dimension in the real space, qwould be the smallest in the elliptical pattern of
the SAXS. Thus the direction of the short axis of the ellipse pattern indicates the predominant orientation of the crystals. (c) A plot of IðuÞ of the HD2 sample without any
external load (black points). The Gauss ﬁt is also shown in the ﬁgure (red line). The predominant orientation u0 ¼ 161
	
is the average position of the two peaks. The ratio
Aoriented=ðAoriented þ AunorientedÞ gives the degree of alignment.
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monochromatic X-ray beam was used to illuminate the sample as
illustrated schematically in Fig. 1a. The incident beam was mono-
chromated to the photon energy of 17.99 keV, and collimated to
the spot size of 0.5 mm  0.5 mm on the sample. WAXS and SAXS
patterns were alternately collected at three locations across the
sample. A silicon powder was used for the WAXS data calibration
and dry chicken collagen was used for the SAXS data calibration
[31].
WAXS diffraction patterns were recorded using a Photonic Sci-
ence Image Star 9000 detector (Photonic Science Ltd., UK) placed at
a sample-to-camera distance of 128.72 mm (Fig. 1a). Further
downstream of the beam a Pilatus 300K detector (Dectris, Baden,
Switzerland) was positioned at a distance of 4358.47 mm to collect
the SAXS patterns (Fig. 1a). In order to record both the WAXS and
SAXS patterns at each scanning location, the WAXS detector was
translated laterally to expose the SAXS detector after each WAXS
collection.
2.3. Micro-CT protocol and data processing
For the purpose of planning the measuring positions and deter-
mination of the precise loading cross-sectional area of the dentine
cubes, a commercial micro-computed tomography (micro-CT) sys-
tem was used to scan the samples with a SkyScan 1172 scanner
(SkyScan, Kontich, Belgium) at 1.9 lm isotropic resolution using
40 kV voltage, 120 lA current and a 0.5 mm Al ﬁlter. The resulting
slices were reconstructed with the SkyScan NRECON package and
subsequent 3-D planning models were created with Fiji imaging
software [32].
2.4. Scattering data analysis
2.4.1. WAXS data analysis
The data analysis was done in accordance with previous studies
[9–11]. The WAXS data interpretation was limited to the (002)
peak of Debye–Scherrer rings of the middle scanning location
(see Fig. 2a), guaranteeing that the same position could be detected
during the compressive deformation of the dentine. Changes in the
d-spacing between the lattice planes in the HAp were used to
determine the elastic strain in the mineral HAp phase [33]. The
apparent lattice elastic strain e was computed from the deﬁnition:
e ¼ d002  d
0
002
d0002
; ð1Þ
where d002 is the apparent strained d-spacing and d
0
002 is the refer-
ence strain-free value of the d-spacing.
To determine the strain from the mineral HAp phase, 2-D dif-
fraction images were pre-processed into a 1-D intensity plot using
Fit2D [34] by ‘‘caking’’ (a professional jargon term used to refer to
the selection of a sector in the radial–azimuthal coordinates of
each pattern) each pattern with a step of 20 in the range of 0–
360 of the (002) peak under laboratory coordinates (Fig. 2a, only
Fig. 3. (a) SEM observation of the ﬁrst-level tubule structure of human dentine. (b) A schematic structure of the random distribution of collagen ﬁbrils (black lines) beside the
tubules, viewed along the longitudinal direction of tubules. (c) Same as (b), viewed along the transverse direction of tubules. (d) The structure of the random distribution of
HAp crystals viewed from the cross-section parallel to the tubule direction. (e) The real structure of partial alignment, where the pennies having an alignment angle 161
(showing the example of HD2) with respect to the global x-axis are shown in blue.
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0–90 is shown). The normal strain component along the centre
direction of each cake represents the strain distribution at the cor-
responding orientation. Subsequently, the 1-D intensity plot of
each cake (covering 20) was obtained by the integration, with re-
spect to the azimuthal angle, of the converted 2-D images. After-
wards, the 1-D proﬁles of each individual (002) peak was ﬁtted
with Gaussian curves to determine the centre position after the
subtraction of the linearly ﬁtted background. To calculate the
HAp lattice strain, the WAXS pattern of the unloaded condition
was used as a strain-free reference point.
2.4.2. SAXS data analysis
For the SAXS data analysis, a reference pattern representing the
strain-free sample was used to determine the orientation and de-
gree of alignment (q) of HAp crystalline particles, which describes
the percentage of aligned particles. Fig. 2b is an example reference
SAXS pattern of HD2. In order to quantify the orientation and de-
gree of alignment, the SAXS patterns were integrated along all
the possible scattering vectors q to account for the main scattering
effect (with the range selected from the outline of beamstop to the
outline of the pattern as marked with red dashes in Fig. 2b), which
results in a function IðuÞ with the azimuthal angle u [35–37]
(Fig. 2c). The predominant orientation is determined by the aver-
age position of two peaks in the plot of IðuÞ (e.g. u0 in Fig. 2c),
while the degree of alignment with respect to the predominant ori-
entation of HAp is deﬁned as the ratio of peak area and the overall
area under the curve of IðuÞ:
q ¼ Aoriented
Aoriented þ Aunoriented ; ð2Þ
where Aunoriented is the area of the constant background level and
Aoriented depicts the total area subtracting the background. The value
of degree of alignment ranges from 0 to 1, where q ¼ 0 indicates no
predominant orientation within the plane of the section and q ¼ 1
indicates a perfect alignment of all crystals [35,37].
3. Model formulation
3.1. Geometrical assumptions
Human dentine has a hierarchical two-level composite struc-
ture, where the ﬁrst level is represented by the dentinal tubules
and the second level by the HAp crystals within a ﬁbrous collagen
matrix. Fig. 3a–c are images of the ﬁrst-level dentine structure,
where Fig. 3a is obtained by scanning electron microscopy (SEM)
and Fig. 3b,c show the random distribution of collagen ﬁbril
viewed respectively along longitudinal and transverse direction
of tubules as proposed by Bozec [38]. Fig. 3d,e are images of the
second-level dentine structure, where a randomly distributed
structure of HAp crystals shown in Fig. 3d is to be combined with
a fully aligned structure to determine the real structure of partial
alignment (Fig. 3e for HD2), given the detailed information of
degree of alignment by SAXS interpretation. Both levels are non-di-
lute systems consisting of a number of inhomogeneous inclusions.
The multiscale Eshelby model for a non-dilute system is estab-
lished and is used here to model the two-level composite of den-
tine [39] (for details see Appendix). The ﬁrst-level model regards
the whole dentine sample as composed of aligned tubules within
a matrix phase, while the second-level model considers the matrix
of the ﬁrst level as a composite in detail, consisting of HAp crystals
and a collagen matrix.
The shape of the HAp crystalline platelets in dentine is thought
to correspond to elongated ﬂagstone. In classical Eshelby model-
ling, a very good approximation is to use a penny-shape inclusion
to simulate an individual platelet, as the integrals can be readily
written. The Eshelby penny-shaped tensor has two parameters,
where a1 is the radius while a3 is half of the thickness of the
penny-shaped inclusion [40]. The thickness of the penny-shape is
taken to be equal to the thickness of the dentine crystal platelet
(2–4 nm). The diameter of the penny-shape is the average of the
length (100 nm) and width (30 nm) of HAp to guarantee the iden-
tical cross-sectional area. The size of crystal platelet and the
parameters of penny-shape tensor are listed in Table 1. The crystal
c-axis (corresponding to the (002) peak) of the HAp crystallites is
thought to be parallel to the long dimension of the platelet [41,42].
Therefore, in the model, the c-axis lies along the radial direction
within the penny and is in the x–y plane shown in Fig. 3e.
3.2. First-level model: multiple aligned tubule inclusions within
dentine matrix
The purpose of the ﬁrst-level model for human dentine is to
establish the elastic relationship between the external stress rA
and dentine matrix stress rM1; which will serve as the external
stress in the second level. Without any transformation strain in tu-
bules, the Eshelby model for a non-dilute system (Appendix Eqs.
(B1), (B2), (B3), (B4), (B5)) indicates that the mechanical response
of the tubules can be related to an equivalent inclusion with the
same property as the matrix:
hCitubuleðheii þ heiM1 þ eAÞ ¼ CM1ðheii þ heiM1 þ eA  heitÞ; ð3Þ
where ‘‘M1’’ means the ﬁrst-level matrix, heii the average total
strain in tubules, hCitubule the average stiffness matrix of tubules,
eA ¼ CM1rA the external strain, CM1heiM1 ¼ hriM1 the ‘‘image’’ stress
deﬁned to satisfy the boundary conditions at the external surface of
a ﬁnite composite [25,39] and heit is the average transformation
strain in the equivalent inclusion to be determined. Considering
that the average stiffness of tubules is null hCitubule ¼ 0, the average
stress in the dentine ﬁrst-level matrix can be expressed merely in
terms of the volume fraction of tubules f1 (for further details see
Appendix, Eqs. ((B7), (B8), (B9), (B10)), [25,39]):
rM1 ¼ rA þ hriM1 ¼
1
1 f1 r
A: ð4Þ
Table 1
Experimental results from SAXS/WAXS and reﬁned parameters in the Eshelby model of the two dentine samples.
Parameters HD2_value HD3_value Reference values
Orientation (degree) 161 78
Degree of alignment 0.289 0.168
K_exp. (GPa) 22.129 24.156
f1 10% 10% 3.6 – 10.2% [45]
f2 40% 38% 30.5%, 44.4% [46]
CM1 ¼ CM2 Em = 1.1 GPa, vm = 0.3 Em = 0.8 GPa, vm = 0.27 Ecollagen = 1 GPa, vcollagen = 0.30 [27]
CHAp EHAp = 90 GPa, vHAp = 0.32 EHAp = 90 GPa, vHAp = 0.32 EHAp = 40–117 GPa, vHAp = 0.27 [47]
a1=a3 31 31 (2–4)  30  100 nm3[4,5]
K_model (GPa) 22.870 24.189
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3.3. Second-level model: HAp inclusion of collagen matrix
The dispersion of multiple HAp crystals within the matrix of
collagen forms the second hierarchical level model for dentine.
The purpose of the second level model is to establish a relationship
between the ﬁrst-level dentine matrix stress and the average strain
in the HAp crystals heiHAp; and thereby to determine the apparent
modulus [43] between the global external load and local HAp crys-
tal strain.
3.3.1. Multiple perfectly aligned HAp crystals
If all HAp crystals are perfectly aligned described by an orienta-
tion matrix T, the relationship between the average Hap crystal
strain and the external load (here the ﬁrst-level dentine matrix
stress) can be expressed as [39] (Appendix Eq. (B11)):
heiHApaligned ¼ ffðI  C1M2hCiHApÞ1½hSi  f2ðhSi  IÞ1  Ig1TT
þ TTgC1M2rM1
or, expressed more simply
rM1 ¼ KalignedheiHApaligned; ð5Þ
where hCiHAp and hSi are the average stiffness and Eshelby tensor of
HAp crystals in the gauge volume [44], CM2 is the collagen stiffness,
and f2 is the volume fraction of HAp with respect to the whole sec-
ond-level structure. For perfectly aligned crystals, hCiHAp and hSi can
be represented by the value of a single crystal hCiHAp ¼ CHAp; hSi ¼ S:
Note that different orientations (different transformation matrices)
may result in different results of heiHApaligned: The variation of Kaligned
with different alignment angles of particles with respect to the
loading direction can be calculated by changing the transformation
matrix in Eq. (5).
3.3.2. Multiple randomly distributed HAp crystals
If HAp crystals have a random distribution, this group of crys-
tals will have an isotropic stiffness, as well as an isotropic Eshelby
tensor, and thus the relationship between the average local Hap
crystal strain and external load is independent on the orientation
matrix in Eq. (5):
heiHAprandom ¼ ffðI  C1M2hCiHApÞ1½hSi  f2ðhSi  IÞ1  Ig1 þ IgC1M2rM1
or, expressed more simply
rM1 ¼ KrandomheiHAprandom: ð6Þ
Fig. 4. Comparison of experimental data and modelling results of applied compressive stress vs. elastic lattice strain for HAp. (a) HD2 experimental data (error bar: 1 SD); (b)
HD3 experimental data (error bar: 1 SD). (c) HD2 data (black points) and modelling results (red line: multiscale Eshelby model; blue line: Voigt bound; dark grey: Reuss
bound) with the compressive stress along transverse direction with respect to the tubules. (d) HD3 data (black points) and modelling results (red line: multiscale Eshelby
model; blue line: Voigt bound; dark grey: Reuss bound) with the compressive stress along longitudinal direction with respect to the tubules. The compressive stresses of HD2
and HD3 were uniformly selected under 100 MPa.
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In contrast to perfectly aligned crystals, hSi and hCiHAp values
were not those of the single crystal, but were obtained from the
volume average of all the randomly distributed crystals (see
Appendix, averaging the results obtained from each single-crystal
relationship as Eq. (5) over all possible orientations).
3.3.3. Multiple HAp inclusions with partial alignment
In general, HAp crystals are partially aligned, thus KHAppartial aligned is
expected to be between Krandom and Kaligned:
KHAppartial aligned ¼ ð1 falignedÞKrandom þ falignedKaligned; ð7Þ
where faligned is the volume fraction of aligned crystals with respect
to all HAp crystals, i.e. the degree of alignment of crystals revealed
by SAXS measurements.
4. Experimental results and model validation
4.1. Nanoscale HAp distribution and mechanical response of dentine
The loading areas of the samples were accurately determined by
micro-CT measurement. The loading areas were 4.466 mm2 (HD2)
and 4.413 mm2 (HD3), respectively. Fig. 2a shows a WAXS pattern
of dentine consisting of a system of Debye–Scherrer rings (peaks).
The apparent radial shifts of the (002) peak in the WAXS pattern
weremeasured under uniaxial compressive loading applied on both
longitudinal and transverse directions with respect to the preferen-
tial tubule direction. Values of the shifts along the x-direction were
used to obtain the elastic lattice strain variation along loading direc-
tion. Fig. 4a,b show the experimental results of the applied stress vs.
HAp lattice strain of samples HD2 and HD3, indicating a linear
increasing tendency as expected. The maximum load used in the
model of the two sampleswas limited to100 MPa in the elastic re-
gion. The ratio of the uniaxial stress and the average HAp lattice
strain gives the apparent modulus, which is listed in Table 1. From
Fig. 4, it is observed that the dentine sample loaded along the longi-
tudinal axis (HD3) has a slightly higher apparent modulus than the
one loaded transversally (HD2). The residual (initial) strains were
found to be quite small, namely, 205le (HD2) and578.6le (HD3).
The (002) peak shifts along other directions were also mea-
sured by caking each pattern with a step of 20 (in the range of
0–360, Fig. 2a) to determine the normal strain component varia-
tion. The result is shown in polar coordinate as an azimuthal plot in
Fig. 5a,b for HD2 and HD3, respectively, where 0 or 180 repre-
sents the loading direction and 90 or 360 represents that perpen-
dicular to the loading direction. Being symmetrical, the results in
the typical range of 0–90 display a positive normal strain from
60–90 and a negative normal strain from 0–60.
Fig. 2b is one of the SAXS patterns of the HD2 sample. The pref-
erential orientation of HAp crystals is shown in the ﬁgure to be
roughly along the short axis of the elliptical pattern. Fig. 2c is the
plot of IðuÞ of the HD2 sample without any external load. The
Gauss ﬁt is also shown in the ﬁgure (red line). The detailed values
of the orientation and degree of alignment were obtained by exam-
ining the plot of IðuÞ and are listed in Table 1. The degree of align-
ment values for both samples are relatively small, indicating that,
as expected, the distribution of HAp crystals in human dentine is
close to random, but nevertheless not entirely random.
4.2. Evaluation and testing of the multiscale Eshelby model
In themodel, thematerial properties and other parameters were
derived from the literature and were reﬁned by ﬁtting with the
experimental data. It should be noted that a precise determination
of the volume fraction of tubules in the ﬁrst level is not available
with commercial micro-CT systems, due to the polychromatic nat-
ure of the X-ray source and the limited resolution. Thus, the re-
ported volume fraction of tubules between 3.6 and 10.2% was
used [45]. The average mineral concentration (HAp volume frac-
tion) has been reported to be between 30.5% and 44.4% in human
third molars, with a decreasing gradient towards the pulp [46]. In
general, a Young’s modulus of 1 GPa and Poisson’s ratio is 0.30 for
collagen is given in the literature, without taking into account the
viscoelasticity and viscoplasticity for human dentine [27,28]. Poly-
crystalline HAp has a high Young’s modulus (40–117 GPa), whereas
the Poisson’s ratio is 0.27 [47]. However, these values of the HAp
Young’s modulus were all from a single perfect crystal. In biological
mineralized composites such as dentine, imperfectly shaped
Fig. 5. Comparison of experimental data and modelling results of normal strain component variation with orientation distribution (0–360) under polar coordinates. (a) HD2
data (black points) and model ﬁtting (red curve), with the compressive stress along transverse direction with respect to the tubules. (b) HD3 data (black points) and model
ﬁtting (red curve), with the compressive stress along the longitudinal direction with respect to the tubules.
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crystals are likely to exist, thus the high Young’s modulus may in-
duce an error by overestimation [7]. In accordance with Qin and
Swain, 40 GPawas chosen here as a combination of the intertubular
modulus (35.8 GPa) and peritubular modulus (66.76 GPa) in the
respective volume fractions [27]. For the penny-shaped Eshelby
tensor, only the ratio of radius and thickness (a1/a3) of the penny
is needed [4,5]. All the parameters reﬁned to obtain a best ﬁtting
are listed in Table 1, also with the reported values from the
literature.
4.2.1. First-level model
The dentine matrix stress for the ﬁrst level is only dependent on
the volume fraction of tubules (see Eq. (4)). The same volume frac-
tion of tubules was used for both samples, thus they have the same
value of matrix stress, rM1 ¼ 1:09rA .
4.2.2. Second-level model
Based on the SAXS measurement of degree of alignment (Ta-
ble 1), the apparent moduli for each sample can be obtained from
Eq. (7) with the values listed in Table 1. A comparison of the stress–
strain curve along the loading direction between the experiment
and model evaluation is shown in Fig. 4c,d, where the Voigt and
Reuss bound predictions are also given. It is found that the Eshelby
model prediction lies between the two bound results and is closer
to the experimental data, which also reﬂects the overestimation of
the apparent modulus in previous investigation using the Voigt
bound [7]. Meanwhile, the comparison of normal strain variation
in the azimuthal plot is presented in Fig. 5a,b. Good agreement
was also observed.
5. Discussion
This is the ﬁrst time that the combined SAXS/WAXS technique
has been used to capture the nanoscale structure and its inﬂuence
on the macroscopic mechanical behaviour of human dentine.
Moreover, it is important to emphasize that the study was con-
ducted using penetrating radiation (synchrotron X-rays), i.e. a
probe for bulk structure and strain analysis. Unlike the vast major-
ity of studies that rely on surface characterisation (SEM, atomic
force microscopy, nanoindentation, Raman, etc.), this ensures that
the effects of sample preparation (e.g. cutting and storage) are
minimal, since they typically affect depths not exceeding
0.05 mm out of the total sample thickness of 2 mm.
5.1. Reﬁned parameters by the Eshelby model
The parameters reﬁned by the multiscale Eshelby model, listed
in Table 1, lie within the range of the values reported in literature.
This indicates that the model can be used to predict the nanoscale
parameters which are hard to obtain by experiment. Of the ﬁve re-
ﬁned parameters, the three key parameters are two volume frac-
tions and the Young’s modulus of the HAp crystal. Among these
three parameters, the Young’s modulus exerts the most signiﬁcant
inﬂuence on the result. In the optimization process, the two vol-
ume fractions were initially ﬁxed at approximate values, and the
Young’s modulus was reﬁned within the range reported in the lit-
erature. The samples of dental tissue in this case were taken from
teeth extracted from young patients. Consequently, the volume
fraction of tubules was expected to be high, and was assumed to
be 10% for both samples. For the same reasons, HAp crystals were
assumed to have a low volume fraction (40%). Other reasons for
the small volume fraction of HAp crystals may include that the
cubes were cut from a position near the pulp chamber where the
volume fraction is relatively small [46], and the possible superﬁcial
demineralization effect of water storage [48]. Based on the above
assumption about the two volume fractions, the reﬁned Young’s
modulus of HAp crystal was found to be approximately 90 GPa.
At this stage, other parameters were reﬁned as well, although it
was found that they only had a minor effect on the apparent mod-
ulus result. The inﬂuence of the thickness variation on the apparent
modulus is found to be small. For a crystal thickness of 2 nm, the
K_model is respectively 22.87 GPa (HD2) and 24.189 GPa (HD3),
while the K_model is 23.15 GPa (HD2) and 24.62 GPa (HD3) at
for a thickness of 4 nm. In order to get best ﬁtting both along load-
ing direction and for normal strain variation, 2 nm is the best re-
ﬁned parameter.
5.2. Residual strain
Indeed, a thin layer of initial residual strain may be induced at
the sample surface during cutting using a low-speed diamond saw.
However, as clariﬁed above, the effect of this step on the overall
measurement will not exceed 5% overall. Initial strain may also
be associated with the natural growth process of the tooth. In
any case, as shown in Section 4.1, the initial existing residual strain
is quite small. Furthermore, our experiment only considered the
elastic response. (This is reﬂected in the linearity of the experimen-
tal stress–strain curve, and is an underlying assumption for the
Eshelby model.) The presence of initial strain amounts to an offset
that does not affect such parameters as the apparent modulus. In
conclusion, the low-level residual strain can be ignored in the pres-
ent analysis, as it does not inﬂuence the elastic mechanical behav-
iour of the crystals.
5.3. Normal strain components variation
To characterize and validate the model of the strain compo-
nents in different directions, the normal strain variation of the
HAp crystals with respect to different azimuthal angles (0–90)
is shown in Fig. 5. The ratio of the normal strain component at
90 to that at 0 (absolute value) for each sample is almost the
Poisson’s ratio of the HAp crystals, which is reasonable. Mean-
while, it should be noted that HAp crystals oriented at around
60 azimuthal angle exhibit no normal strain, i.e. no peak shift,
which demonstrates that the HAp crystals at this corresponding
position are subjected to pure shear stress. From the model, since
the ﬁrst-level dentine matrix stresses are the same for the two
samples, the difference in the modulus as well as the normal strain
component variation may result from different orientations and
degrees of alignment of HAp crystals (observed and measured by
SAXS).
5.4. HAp crystal distribution effects
The extended multiscale Eshelby model established in the pres-
ent analysis is able to capture the relationship between the func-
tion of human dentine and its multiscale structure. Moreover, it
is also capable of evaluating the effect of the nanoscale structure
(e.g. HAp crystal distribution) on the macroscopic mechanical re-
sponse, which was not included in earlier studies [7,20]. To dem-
onstrate the detailed effect of crystal distribution on the
apparent modulus, a schematic diagram of a 3-D model of perfectly
aligned crystals is selected (Fig. 6a) with only one angle freedom u
around the z-axis. All aligned HAp crystals are initially oriented at a
90 angle to the platelet surface along the global y-direction, which
represents the position of u ¼ 0	 . The variation of Kaligned along the
loading direction was calculated and visualized in Fig. 6b (only the
result of HD2 is shown since both samples have similar results).
The larger the value of Kaligned, the smaller the average lattice strain
of HAp crystals will be under a certain value of external load, i.e.
the stiffer the HAp crystals will be. It is found that the value of
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Kaligned along the loading direction is strongly dependent on the
crystal orientation direction. The orientations of HD2 and HD3 in
our in situ loading experiments were 161 and 78, respectively.
Hence, from Fig. 6b, Kaligned HD3 > Kaligned HD2. However, sample
HD3 had a lower degree of alignment overall, so that overall the
KHAppartial aligned HD3 value lies closer to Krandom; which is the reason for
the similar results of the apparent moduli of the two samples
(Table 1).
6. Conclusions
In this study, the relationship between the nanoscale crystal dis-
tribution and macroscopic mechanical elastic response of human
dentine was investigated for the ﬁrst time using a combined in situ
synchrotron SAXS/WAXS technique. This provided access to the
information on both the structural and mechanical aspects of the
sample that thus allowed us to make further progress compared to
previous studies that only used WAXS [49]. Moreover, an extended
multiscale Eshelby inclusion model was established to estimate
and evaluate the elasticmaterial properties of dentine as a two-level
composite in terms of its constituents, showing good agreement
with the experimental data both on lattice strain along loading
direction and normal strain component in a general azimuthal plot,
improving the Voigt composite model proposed earlier for bovine
dentine [7]. The difference in the mechanical behaviour observed
in the experimental results can be attributed to the second-level
model effects, i.e. the degree of alignment and orientation angles.
Through this systematic experiment andmodellingwork, we are
capable of observing the nanoscale structure, which is used to vali-
date the model linking the nanoparticle arrangement and deforma-
tion behaviour to themacroscopic loading response. In addition, the
parameter reﬁnement and validation in the model adopted in the
present study offers a possibility to identify the nanoscale parame-
ters. The usual limitations of experimental characterization tech-
niques such as nanoindentation or microscopy, e.g. conﬁnement
to the sample surface, make parameter identiﬁcation difﬁcult. We
therefore argue that our approach enables the general characteriza-
tion of the structure–property relationship in hierarchical
biomaterials. An improved understanding of the multiscale struc-
tural–mechanical properties within human dentine is important
for developing better prosthetic materials and dental ﬁllings. It
may also shed light on the mechanical property evolution due to
multiscale structural changes within dentine because of disease
and treatment.
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Appendix A. Figures with essential colour discrimination
Certain ﬁgures in this article, particularly Figs. 1–6, are difﬁcult
to interpret in black and white. The full colour images can be found
in the on-line version, at http://dx.doi.org/10.1016/
j.actbio.2013.04.020
Appendix B. Appendix
A short overview of the Eshelby inclusion theory is given, lead-
ing to the derivation of the constitutive law for a non-dilute popu-
lation of inhomogeneities (HAp crystals) embedded in a ﬁnite
matrix.
B.1. Eshelby general theory
B.1.1. Dilute system
If a uniform transformation strain et exists in an ellipsoidal
inclusion embedded in an inﬁnite matrix, the Eshelby model shows
that the total strain in the inclusion ei is related to et by the Eshelby
tensor S that depends on the inclusion shape and Poisson’s ratio:
ei ¼ Set: ðB1Þ
Consequently, Hooke’s law can be used to calculate the inclu-
sion stress rI in terms of the elastic strain and the inclusion stiff-
ness tensor CM (which is the same as the surrounding isotropic
matrix):
rI ¼ CMðei  etÞ ¼ CMðS IÞet: ðB2Þ
If an inhomogeneity with a different stiffness tensor CI is pres-
ent, then the equivalent inclusion method can be used by consid-
ering the inhomogeneity as equivalent to an inclusion with an
appropriate transformation strain et , to be determined from the
equivalence relation:
Fig. 6. (a) A simpliﬁed example of the alignment of HAp crystals. The beam direction is along the global z-axis and the alignment here represents the angle between the local
x-axis and global x-axis (initially aligned angle u ¼ 0	 ; i.e. the local x axis of a penny is initially along global x-axis). (b) By changing the alignment angle (0–180), the
average strain of the crystals along loading direction can be obtained by the multiscale Eshelby model, which then indicates that Kaligned varies with respect to the preferential
alignment angle.
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rI ¼ CIðei  etÞ ¼ CMðei  etÞ: ðB3Þ
If the material is subjected to an external load rA that results in
the overall composite strain eA; then using Eq. (B3) the inclusion
stress can be written as:
rI þ rA ¼ CIðei  et þ eAÞ ¼ CMðei  et þ eAÞ: ðB4Þ
B.1.2. Non-dilute system
If multiple inhomogeneities are embedded in a ﬁnite matrix so
that their volume fraction is not small, the composite is considered
to be a non-dilute system. To satisfy the boundary conditions at the
external boundaries of the ﬁnite composite, Eshelby introduced the
concept of a mean ‘‘image’’ stress, hriM ¼ CMheiM as an average of
the stresses within individual phases, in order to maintain the bal-
ance of stress. The application of averaging to the linear Eq. (B4)
gives:
CMðheii þ heiM þ heiA  heitÞ ¼ hCiIðheii þ heiM þ heiA  heitÞ; ðB5Þ
where hCiI is the average stiffness of the inhomogeneities.
B.2. Dentine ﬁrst-level model
The ﬁrst-level model considers dentine as a composite consist-
ing of aligned tubules within a ﬁnite matrix phase. According to Eq.
(B5):
CM1ðheii þ heiM1 þ eA  heitÞ ¼ hCitubuleðheii þ heiM1 þ eA
 heitÞ; ðB6Þ
where hCitubule is the average stiffness of the tubules, and CM1 is the
stiffness of the isotropic matrix or the equivalent inclusion (‘‘M1’’
means the ﬁrst-level matrix). Note that hCitubule ¼ 0 and
heii ¼ hSiheit , thus:
heit ¼ ðI  hSiÞ1ðeA þ heiM1Þ: ðB7Þ
In a non-dilute system, the mean image stress is related to the
transformation strain [39] by:
hriM1 ¼ f1CM1ðhSi  IÞheit ; ðB8Þ
where f1 is the volume fraction of tubules with respect to the whole
dentine. From Eq. (B7), considering that (hriM1 ¼ CM1heiM1),
heiM1 ¼
f1
1 f1 e
A: ðB9Þ
Therefore, the stress in the matrix is the sum of the applied
stress and the image stress:
rM1 ¼ rA þ hriM1 ¼
1
1 f1 r
A: ðB10Þ
Eq. (B10) indicates that the stress in the ﬁrst-level matrix is
independent on the direction and detailed shape (Eshelby tensor)
of tubules.
B.3. Dentine second-level model
The second-level model considers the matrix of the ﬁrst-level
model to be a composite consisting of partially aligned HAp crys-
tals and a collagen matrix. The volume-average method is intro-
duced to determine the relationship between the external
applied stress and the local averaged total strain in multiple HAp
crystals.
The relationship between the strain in a single crystallite and
the external stress can be established initially based on Eqs. (B1),
(B2), (B3), (B4), (B5):
esingle ¼ ffðI  C1M2CIÞ1½S f2ðS IÞ1  Ig1TT
þ TTgC1M2rA
¼ KrA; ðB11Þ
where ‘‘M2’’ means the second-level collagen matrix. CI; S are the
stiffness matrix and the Eshelby tensor for a single crystal, f2 the
volume fraction of HAp crystals with respect to the second-level
composite and T is the orientation matrix described by three Euler
angles (h;/;w). For a group of perfectly aligned HAp crystals, the
relationship between the strain of the group and the external stress
is the same as Eq. (B11), with the averaged stiffness and Eshelby
tensor hCiHAp ¼ CHAp; hSi ¼ S. As for a group of randomly distributed
HAp crystals, hCiHAp; hSi are isotropic and the way is to average the
results of each single crystal (Eq. (B11)) within the group over all
possible orientations:
hesinglei ¼
R 2p
0
R p
0
R 2p
0 Ksinhd/dhdwR 2p
0
R p
0
R 2p
0 sinhd/dhdw
rA
¼ r
A
2p2
Z 2p
0
Z p
0
Z 2p
0
Ksinhd/dhdw ¼ hKirA: ðB12Þ
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